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Controller. Control of submodule capacitor voltages and the circulating current within modular
Current reference, multilevel converter (MMC) is essential to MMC performance. The circulating current has
mgﬂ?llei:lel an influence on the losses, rating of the power devices and voltage ripple. The circulating
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current tends to have csurrent harmonics due to the voltage disturbance on the submodule
capacitor voltages. To decrease the influence of the harmonics for an improved control of
the submodule capacitor voltages, a voltage control approach by suppressing the current
produced by the voltage disturbance is introduced. The approach is implemented using a
virtual-impedance compensation that increases the voltage reference of the averaging
voltage control of the circulating current reference in order to decrease the impact of the

disturbance. The improved capacitor voltage control produces a new circulating current

reference to a state-feedback controller provided to control the measured circulating
current using a linear quadratic regulator to shape the gain of the controller. The main
advantage of the approach is that it allows wideband ripple suppression without having
knowledge of the harmonics frequencies; this is unlike the usual multiresonant controllers
which are restricted to the particular knowledge of frequencies. From the results obtained,
the control using the proposed method has the advantages of an improved voltage control,
reduced capacitor voltage ripple and harmonics compared to the conventional
proportional integral controllers. The results from the proposed method and the
conventional method are shown in a simulation. Finally, the experiment results are
presented to verify the simulation.

voltage balancing and voltage disturbances that
produce harmonic ripples. However, the multilevel
feature gives the advantage of having a transformer-
less system for an improved efficiency [17-19]. The
voltage balancing control of the capacitors has an
effect on the quality of the MMC outputs. The
voltage disturbance that can arise due to poor voltage
balancing control produces harmonics [20]. The
voltage variation from within the MMC makes the
circulating current to have ripple components [15].
The use of the Pl-controllers in the internal control of
the MMC is one of the common solutions to obtain a
zero-static error in controlling the circulating current.
However, Pl-controllers have a little effect in
suppressing the harmonic voltage unless high-gain
high-order controllers, such as resonant controllers
are used with the Pl-controllers within the control
bandwidth [21]. Control of capacitor voltages have

1. INTRODUCTION

Modular multilevel converter (MMC) technology is
widely viewed as the recent configurations in power
electronics industries. Their applications are possible
due to multilevel controlled and balanced voltages
that are shared among the switches [1-3]. There are
many control schemes such as direct control, power
synchronization, and direct-quadrature control,
among others, applied to MMCs [5]-[7]. MMC
applications for stability and control have been
employed based on different modulation techniques
for a different level of stacked cells [8-10]. alancing
control of the stacked cells have been achieved using
different methods [11-15], [16]. However, for an
MMC increasing the stacked cells increases the
switching frequency and voltage ripples. Depending
on a number of the levels, this would in turn increase
the control complications such as the capacitors
38
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been achieved using different approaches [22],[23],
[24]. Cisneros et al. [25] studied the global tracking
of a bilinear system which was assumed linear time-
invariant (LTI). The system was applied to a Boost-
MMC and the control was to track the desired
currents. The control was to produce a control
method in the rotating (abc) frame [27]. This is
unlike the classical (dg0) frame method [28]. The
control resulted in good tracking performance
between the desired and the measured currents
instead of the usual control regulation. However, the
tracking was complex due to the bi-linearity feature
[25]. To decrease the impact of voltage variation
among the capacitors, the use of a virtual-impedance
can be used as an option either with a time integral or
a time derivative to suppress any unwanted current,
thus reducing the harmonics without increasing the
size of the capacitors. The use of the derivative with a
virtual-impedance can increase system impedance.
However, with the presence of noise, , the derivative
term amplifies the noise [29].

To minimize the amplified noise generated by the
derivative term, a low pass filter (LPF) can be used.
However, LPF add delay and cost[21]. This paper
considers the presence of the voltage disturbance and
employs the closed-loop virtual-impedance concept.
The closed-loop will be applied to increase the MMC
internal impedance and lessen the amount of the
unwanted current produced by the voltage
disturbance, therefore, improving the capacitor
voltage control. The improved control will provide a
new circulating current reference. The advantage of
this method is that it does not need any additional
sensing devices to achieve its implementation as it
uses the available measurement values in the system.
Moreover, its application is not restricted to
particular frequencies in order to achieve harmonics
suppression. Furthermore, the model of the MMC
presented is found to be inadequate in handling the
impact of voltage disturbance. This will be illustrated
in Section Il of this paper. Therefore, another
contribution of the proposed method is that it
modifies the MMC model to handle the impact of the
voltage disturbance, thus enhances the practical
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applications of the model. This can be achieved with
simplicity and without the use of any additional filter
such as in [30],[31].

2. MECHANISM OF CIRCULATING
HARMONIC CURRENT AND  STATE-
FEEDBACK CONTROL

Fig. 1 gives the three-phase MMC system, where If
and Vc are the MMC output three-phase current and
voltage respectively. Vf is the reference voltage, Lf is
the coupling filter inductance, Rf is the coupling filter
series resistance, Vdc is the direct current (DC) link
voltage, Lr is the arm inductance and Rr is the arm
resistance. Applying Kirchhoff’s principle on any
leg/phase with respect to node n, the mathematical
relations between any phase output current Ik , the
lower and upper arm currents ( Ikp and Ikn ), and the
circulating current Icirk are:
I I«

Ikp - Icirk+_: Ikn - Icirk__

@

dlcirk + Rrleink (2)

Ve -I-ch =V — 2Veir: Vieirk = Lr

The sub-script k represents any of the three-phases (u,
v or w). Vcirk is the differential-mode voltage, VCkp
andVckn are the upper arm and lower arm output
voltages respectively.
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Fig. 1. MMC in a three-phase configuration.
Based on (1) and (2), the regulation of the circulating

current and the output voltage Vck in (5) can be
achieved by controlling Ikp and lkn , and the VCkp
and VCkn in (3) and in (4) respectively
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1

Vckp = —Vdc _VCk 3

2 ©
1

Voo = EVuc +Ver (4)
1 .

Vek = EVW M sin (at) (5)

M is the modulation index and @ is the frequency.
< in term of its peak value o and the phase angle

?y isaslkzlo-sin(a)t—gok) (6)
Equations (3) and (4) present the arm voltages under
ideal conditions. However, when the load current and
the circulating current due to the presence of the
inductor Lr in the MMC leg flow through the
submodule capacitors, the capacitor voltages
fluctuate. Hence a control approach has to be
employed to keep the voltages near to their
references [32],[33].

The circulating current is in form of a DC component

= and the harmonic components in of nth order and
IS as

1 .
Icir = — Idc + Zln
3 n=1

Based on (5)-(7), the instantaneous power and active
energy stored in the arms comprising a number of
SM capacitor C are given in (8) and (9) respectively,
and their relationship is given in (10) [21]:

(7)

Pamtp = %Vdc (1— M sin(a)t))-[%“r%idc + iin j
n=1

1 T
Parm-tn = EVdC (1+ M Sin(a)t))-(Tk+§idc +Zin j
n=1
1
Wy, = 9N CV<:2kp
1 ©)
Wkn = m CVCan
aw,
dtkp _%.Vdc (;jt oo = parmfkp
(10)
aw, C d,
dt .Vdc .&VCK" B parm—kn
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From (9-10) the voltage disturbances in the arms are:

Avckp =%J.(l— M sm(wt))(%k+% Idc +i|n)dt
n=1

AV, :%j(u M sin(a)t))(—%k*'% lae +iinjdt
n=1

(&

From (11), the arms voltages can be modified as

V,, = 3(1— M sin(at))- (Vy, +AVq, )
2 (12)

Vi, ==(1+Msin(at))- (Vy + AVg,

o= Msin(o) (Vs aVe,)|

(13), the total output voltage of the arms are:

Ve +Voin :Vdc%(AVCkp + AVCkn)+%|\/| Sin(a)t)-

Ckp

(AVgy —AVg,) (13)

Equation (13) can be written as in (14), where Vig is
the voltage variation that is responsible for the
variation between the phase-k leg and the total SMs
voltage values when the system is under normal
control. Equation (14) shows that the variation can be
practically assessed using the measured capacitor
voltages and the dc link voltage value.

Vi Vi =Vei +Vig (14)
Based on the nearest level modulation (NLM)
method, the following assumptions hold [34]:

1) Using capacitor selection, the individual capacitor
voltages within the arms are controlled,

2) The switching frequency and the number of the
SMs are large enough when compared to the
waveform of the SM capacitor to make discretization
effect negligible. The assumptions 1-3 creates an
instantaneous amount of the inserted arm voltages

Vipn = Np,nchkp,n through bypass/insert process of

the SMs given in (15).

V=N Vg =de%(1— M sin(et))
Vi ﬁ’—'

" (15)
Vi, =NV> =de%(1+ M sin(et))

| —
VCE“ N

n

Equation (15) can be written as
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V.
_ X _ Vde
V=NV = %—vck v
(16)
V.
V=NV =2V, -V

plckp T 2 cirk

where Np and NI are the indices of insertion in the
upper and lower respectively. Putting (16) into (2)
yields:

dl irk R NP z N z Vd
Hok Ty PyZ T c 17
a2 [ZL, “ oL ) oL, 4
The rate of change of the arm voltages are as
X
dVCkP — N'ND'IkP . dvcfn — N‘Nn'lkn (18)
dt c ot C

From (17) and (18), the MMC internal dynamics can
be as

RNy N Ve ]
L 2L 2L 2L,
d Icirk NN |cirk NN
i o 'CP 0 0 [|V [+ Z'C"Ik (19)
Vio | | NN, Vo N.N,
— 0 O — - Ik
X C X 2C
L A i S

The system in (19) is a third-order system where X is
the state vector and u is the input vector. A is the state
matrix. Due to the presence of periodically varying

quantities: Np and Nn , the system is time varying
[34]. Equation (19) can be applied to a high
switching carrier shifted pulse width modulation
(CSPWM) method with the following voltage control
[21, 35] conditions:

1) Using the individual balancing control the
individual voltages of the capacitors within the arms

. \V .
are controlled to their reference and "9 is at a fixed
value;

2) The voltages in the arms are controlled in such a
way there is no voltage discrepancy between them;

3) The averaging voltage control is implemented such
that the averaging-capacitor voltage VCk of each
phase leg tracks the reference voltage V* Ck . This

41

will impose the circulating current to track its
reference.

3. PROPOSED VIRTUAL-IMPEDANCE LOOP
FOR A STATE FEEDBACK CONTROL OF
CIRCULATING CURRENT WITH
HARMONICS SUPPRESSION

The voltage disturbance explained in Section Il can
cause the MMC to produce ac-harmonics which are
undesirable. Controllers such as the repetitive
controllers [21] can be employed. Another approach
to mitigate the impact of the voltage disturbance is to
employ the concept of state observer such as in [36].
A state observer can estimate the state of the system
considering the disturbance and form a model that
has the capability to cancel the disturbance effect.
However, the estimation might come with error, thus
full cancellation may not be feasible [36].

In this paper, the concept of a state-feedback
controller will be employed to regulate the circulating
current. And as well, a virtual-impedance Zv will be
employed by integrating over a virtual capacitance
Cvir ( 2Zv(s) 01/ sCvir where s is the Laplace
operator) to produce an opposing virtual voltage
Vcom that will decrease the influence of the voltage
disturbance for an improved harmonics suppression
without the use of a time-derivative. The relationship

V,, _2f

betweenvkd of (14), as dominant second-

order harmonic voltage component of Vig with its

corresponding current g 21

g can be written as follows [37]:

and the peak value

Ckp

V,, =V, %(AV + Avcm)% M sin(et)- (AVqy, — AV, )

=V _2f; 14 _2f =1,c0s(2at) (20)

where Vig 21 excites the circulating current at

twice fundamental frequency to produce the second

order circulating current g 21 which is the main

current passing through the MMC leg besides the dc
current. The circulating harmonic current will then
produce 4th, 6th... 2kth harmonic current by itself.
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Note that it is based on simplicity and to show the
impact of the voltage disturbance in (21) and (22)

Vig is reduced to Vig _2f [37], [21]. In addition,

other high-frequency harmonic voltage in form of a
switching voltage ripple that is usually super-
imposed on the dc-link voltage can also be added as
part of the disturbance in (20) for some applications.

Estuated
| Lo | _plavd model

Ve + L L

"\ KK Gl é J

Fig. 2. Reduced form of an average capacitor voltage control

Considering the voltage disturbance Vig _2f of
(20), (15) canbe expanded and written as in (21) and
(24).

V.
\@p=NN@sz%ﬂ—Mﬁn@ﬂH7§ﬁM&mﬂm)
Vo Ny Vid_2
D) 1 : V2f .
Voo =NV =Vdc§(1+ M sin(at))+ 75m(2a;t)(22)

V(%(n
Nn Vid _2¢

Equation (21) and (22) show that the model obtained
in (19) is insufficient to handle voltage disturbance.
This means the model applications can be enhanced

when the impact of the peak value g in (20) is
reduced. Therefore, the use of the virtual-impedance
loop voltage as opposing signal will mitigate the

impact of the peak current disturbance lig .

To verify the impact of the virtual-impedance with
simplicity, a reduced model of SM capacitor voltage
control with a voltage Pl-controller in Fig. 2 will
have Kp as the proportional gain, Ki as the integral
gain. G(s) is the internal circulating current control
transfer function for a plant Gp(s) assuming its
proportional gain Kc only. Note that Fig. 2 is only
considered to mathematically check the impact of the
virtual-impedance. Fig. 3 shows the full control
representation of Fig. 2 based on the lower arm with
insertion index Nn [38]. The transfer functions and
the control variables in Fig. 2 are as
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G(S) _ KcGp : G(S) _ 1 ,
1+ KeGp Les + Rr
\_/Ck(S) = KC(KPS hl KI) v;k(S)
LCs? + RiCs + KcCs + Kc(KpS + KI)
B Les + Rr + Ke |kd(S) (23)

L:Cs? + RCs + KcCs + Kc(KpS + KI)
From (23), the system can be modelled as:\

Ve(s) = h(s). Va (s) — Zo(S) lok(S) (24)

J (s) is the transfer function of the reference voltage-
toaverage voltage. Zo(s) is the impedance transfer
function. From (24), it is obvious that the impedance
Zo(s) will have an effect on the SM capacitor voltage

control. To provide the desired impedance Zu(s) for
an improved control with reduced harmonics, the
Ve

reference voltage ($) can be obtained from new

V' (s)

reference voltage that is related to lox(s) as

Vo (8) = V' (8) = Z(8) lok(S)
Ck s is the new averaging voltage reference.

(25)

Putting (25) into (24), the dynamic equation is as

Ve(s) = h(s).Ve(s) = (h(s)Z(s) + Zo(s)) Ik(s)  (26)

Where Zov(S) = (h(S) Zv(S) + Zo(S)) is  the
transfer function of the total internal impendence.

new

From (26), it can be seen that an improved

Zov (S)

impedance can be obtained by adding to the

ZO(S)

original impedance , @ virtual-impedance term

J(5)2v(s) Integrating the current ¢ over a virtual
capacitance o produces a compensation voltage

Vcom(S) as

Vn(S) = 'k;‘:(s) — 16(5)Gen(S) (27)

virc
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ea

Fig. 3. Full model of average capacitor voltage control

Where Gen(S) is the virtual compensator. Based on
Fig. 3 and (27), the control relationship between the

measured average voItageVCk(s)and the voltage

disturbancede (s) can be as follows:

. GcomG(KpS+ KI) _N
VCk(S) _ S (28)
de(S) ’ 1+(G(KPS+Ki) )/2C

From (28), it is clear that the influence of the voltage

disturbance on the measured capacitor voltages in the
control loop of Fig. 3 can be suppressed by choosing
the value of the virtual capacitor to satisfy the
relation of (29).

1 N
SCuirc - (G(KPS + K') ) (29)
S

Thus, an improved reference current can be as

I = KI(VIEK —Veom. — \_/Ck) + KzJ. (V‘Ek —Veom. — \_/Ck) dt(30)

The Pl-controller in (28) will be replaced with a

state-feedback controller to apply the proposed
method using model of (19). The state-space model
of the internal dynamics is:

X =AX +Bu (31)
I Rr Np Nn | (32)
L 2L 2L
A NN, .
| cC
N-N, 0 0
C
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1 (33)
Br = 1 : Xr :[icirk’vczlm’vczlin]T'

1
x = (A —B.K)x (34)
N, =(@1-Msin(at));N, = (1+Msin(at)) (35)

Equation (32) is controlled in a discretized form

using the gain K ag shaped by a linear quadratic
regulator (LQR) based on the control law:

uk)=-K. xr (k) (36)
That minimizes the cost function

g . (37)
Jir= Z(Xr (K)Qx (k)+u (k)-R-u (k)

where R and Q are the weighting matrices that can be

determined based on Bryson’s rule [30] and K is the
gain of the LQR. Finally, the overall internal control
with the associated controls is shown in Fig. 4. The
capacitor voltage control: the average capacitor
voltage control, arm balancing control and the
individual control are employed as shown in Fig 4.

The voltage command vcirk can be either from the
conventional average voltage control or from the
proposed method as shown in Fig. 4. Both methods
are independently compared. The gains K1 and K 2 in
Fig. 4(a) and Fig. 4(b), and the gains of the inner
current Pl-controller in Fig. 4(a) can be obtained by
pole-zero cancelation method [25] or by fuzzy
algorithm [39, 40] among others. The voltage
commands for the individual control and arm
balancing control are vkB (i, j) and vkA shown in Fig
4(c) and Fig. 4 (d) respectively. The proportional
controllers which are known to have rapid-error
correction feature [41-44] with gains K3 and K 4can
be employed for the individual and arm balancing
controls respectively. Figure 4(e) shows the
generation of the overall voltage command ux for the
CSPWM of the MMC. The voltage symbols in Fig. 4
are obtained as follows:



Zaria Journal of Electrical Engineering Technology, Department of Electrical Engineering, Afmadu Bello University, Zaria — Nigeria.
Vol. 8 No.2, September 2019. ISSN: 0261 — 1570.

e .
VCk :E(Vckp +VCkn);VCkp :NZV Cki
i1
— 1 ~ V * <9
Ve N Z Ve Ve :ﬁ:VCk

j=N+1

where Ve is the phase-k average capacitor voltage.

VaimandY o are the average capacitor voltage of the

. : Ve
lower arm and upper arm respectlvely.vCkl and "4

are the voltages of the ith and jth SMs in the upper
arm and lower arm respectively.

4. IMPLEMENTATION AND SIMULATION
RESULTS

In this section, the proposed control implementation
is presented, the control is done in a digital form
using MATLAB/Simulink. The modulation is
validated using a nine-level MMC proto-type with
four submodules per arm. The modulation is done
using carrier-shifted pulse width modulation at
2KHZ. This means the overall switching frequency is
16KHZ. The current discrete Pl-controller in a data
sampled form has been employed. The simulation has
been carried out based on Table | of the obtained
control parameters and Table Il of the the system
parameters. The system parameters include the arm
resistance of Rr=0.4Q, Cvirc =4mF and Lr=2mH.

The gains of the inner current controller are obtained
based on the pole-zero cancellation using the MMC
system parameters. The current controller resulted in
an estimated bandwidth of 1200Hz and a phase

margin of 160° from its frequency response.
Similarly, the averaging capacitor voltage control for
the conventional method has been employed based on
the Pl-control scheme. The Pl-controller gains of the
voltage control are also obtained based on the pole-
zero cancellation technique. The frequency response
analysis and the gain selections are carried out to
establish a hitch-free interaction between the outer-
loop voltage controllers, the inner-loop current
controller and the virtual compensator. For the
proposed method, the same Pl-control in the outer-
loop capacitor voltage control is employed. For the
circulating current control, the LQR based state-
feedback algorithm is employed. The control of the
circulating current is carried out using the two
methods: 1. the conventional method based on Fig.
4(a), and 2. the proposed method based on Fig. 4(b).
A time—domain simulation of the two methods has
been conducted.

Fig. 6 shows the circulating current control response
based on the conventional Pl—control and the virtual-
impedance loop with the state-feedback control. It
can be seen from Fig. 6(a) that during the control
start-up, the current has an overshoot of not less than
1.2A at a time t=0.02 sec. and has reached its steady-
state value of 0.5A at approximately 0.10 sec. The
presence of harmonics in form of oscillations can be
seen in both the measured circulating current and the
reference circulating current. In the other hand, the
state-feedback based control method has produced
higher current overshoot of about 1.8 A which is
slightly above that of the Pl-based control current.

Pr

= |
Li e ltml.v. l\l m.l

| Eq.1 Eq.16| Eq.16

1| V3, | V:m'—’l
I_Y,__.,‘ : o
o @ ! '
®)
v“ % ;f ’i "| . :ilt,,
pA Va Vi Via Via,

Fig. 4 Overall internal control of the CSPWM based MMC mverter (a) Conventional averaging control (b) Proposed averaging
control connected to the MMC (c¢) Individual voltage balancing control (d) Arm balancing control (e) overall voltage command
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Fig. 6. Simulation waveform of the circulating
current (a) based on the PI control method (b) based
on the state-feedback method (c) based on the
proposed state-feedback with the virtual impedance-

loop method.

TABLEI
PARAMETERS OF THE MMC SYSTEM FOR SIMULATION AND
EXPERIMENT

f Fundamental frequency 50Hz
foo | Swatching frequency 2kHz
R, | AC coupling resistor 0.100Q
L, | AC coupling inductor 2mH
R, | MMC buffer resistor 0.400Q
L | MMC buffer inductor ImH
G, Effective capacitor(s) 8000uF
Vpe | DC Iink voltage 130V
RL | Active -inductive Load (w/var) 50/50
Veu | SM Reference voltage 30V

V. [ MMC output AC voltage 60V
K1 | Proportional outer DC capacitor voltage gain | 0.1

E2 | Integral outer DC capacitor voltage gain 1.0

K3 | Proportional capacitor voltage gam 05

E4 | Proportional capacitor voltage gamn 05

P Proportional inner circulating current gam 03

I Integral inner circulating current gam 30

The steady-state value of 0.5A of the circulating
current based on the state-feedback method has been
reached at approximately 0.10 sec. However, it can
be seen from Fig. (b) that the state-feedback
controller has a better reference tracking than that of
the Pl-control method.

g“ﬁﬂ‘ﬁﬁ AAN
o WWW

@
—CH-Q—G— 0GB 0—]

06 08 02
Tine(s)

()
Fig. 7. Simulation waveforms of the SM capacitor
voltages based on the (a) conventional method (b)
proposed method

B e

g —n'aas.reda.rrerl
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E F — Y . L__,-III ____l\:‘:}(j
) [ -
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Tine(s)
(a)
. —measiredaret
—reference currert)

0.5 02 0.2¢
Time(s)

(b)
Fig. 8 C|rculat|ng current control under step change
in load (a) Pl-control method (b) proposed method

From Fig. 6(c), it can be seen that the circulating
current response of the virtual-impedance based the
state-feedback control method has the smallest
current overshoot of about 1.0A. In addition, both the
reference and measured circulating current are less
distorted. From Fig. 7 it can be seen that the capacitor
voltages based on the Pl-control method are more
harmonic and have an estimated voltage ripple that is
2% higher than in the proposed method.
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Fig. 9. Simulation waveforms of the single-phase
output voltage based on conventional PI-control

method and the proposed method.
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Fig. 10. Arm current spectrum (a) based on the PI
control method (b) based on the proposed method.
The reduced capacitor voltage ripple has resulted in a
less harmonic circulating and AC output voltage as
shown in Fig. 8 and Fig. 9 respectively.

The responses in Figs 7, 8, 9 and 10 feature good
tracking capability of the state-feedback controller
when coupled with the voltage disturbance
suppression using the virtual-impedance loop
method. The less capacitor voltage variation feature
of the proposed method can also be seen in the
spectrum analysis of the arm current in Fig. 10. The
dominate harmonics which are the even-order
harmonics (second-order, forth-order and the sixth-
order components) appeared to be reduced in
magnitude compared to the values obtained based on
the conventional method. It is seen from the spectrum
analysis that the implementation of the proposed
circulating current control method produced
wideband opposing harmonic current components to
the MMC operation from the feed-forward
compensation.
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5. EXPERIMENTAL RESULTS

A small setup is shown in Fig. 11. It is a single-phase

proto-type of a five-level 250VA-MMC inverter with
the system and control parameters that are given in
and

Table | Table .

Fig. 11. Experimental set-up of the five-level MMC
inverter system
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Fig. 12. Experimental waveforms (a) channel 1:
load current channel 2: five-level output voltage
using proposed method (b) circulating current based
on the proposed method (c) circulating current based
on the Pl-control method.

The SM reference voltage is adjusted to 50V due to
the number of the MMC level in the experiment. The
control is implemented in the form of Simulink and
executed using the ds1104 real-time controller.
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Readings are captured using an oscilloscope and the
CONTROL-Desk instrumentation. The MMC
inverter output AC voltage and its output current, the
SM capacitors voltages, circulating current, upper
and the lower arm currents are measured and fed
back through the dSPACE connector-panel to the
personal computer (PC). Channel 1 of Fig. 12(a)
shows how good waveform of the MMC output AC
voltage with its output load current can be obtained
based on the proposed method. Fig. 12(b) and (c)
shows the circulating current obtained based on the
proposed method and the PIl-control method
respectively. It is clear that the circulating current
obtained based on the proposed method is less
harmonic. However, the operation leads to
emergence of low-magnitude low-order harmonics
other than the second-order at slightly higher
frequency range less than the switching frequency
kHz. The simulation and the experimental results
feature the efficiency of the proposed method in
suppressing the effect of the voltage disturbance for
an improved performance. However, this work could
be improved by considering additional voltage
disturbance term due to switching voltage ripple in
(20) and incorporate it as part of the feedforward
voltage. The inclusion of the voltage ripple will
suppress the emergence of other harmonics especially
around the switching frequency. This will be
explored by the Authors in the future studies.

6. CONCLUSION

The voltage disturbance on the SM capacitor voltages
leads to the generation of harmonics in the circulating
current within the MMC system. This paper offers a

concept of circulating current control of MMC with a
state-feedback controller for a faster current response.
The outer-loop average control in the proposed
method is augmented with a virtual-impedance loop
voltage. The performance of the state-feedback
controller with the virtual impedance loop is
compared with the performance of the conventional
Pl—controller. The obtained simulation results show
the proposed method achieves an improved control
with fewer harmonic without the increase in the
SMCapacitors or buffer inductor sizes. The results
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from the two control schemes are presented. The
experimental steady-state results have validated the
proposed control.
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