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A New Control Architecture With Spatial Comb
Filter and Spatial Repetitive Controller for
Circulating Current Harmonics Elimination 1n a
Droop-Regulated Modular Multilevel Converter for
Wind Farm Application

Sandeep Kolluri

Abstract—Circulating current control is one of the critical is-
sues in modular multilevel converters (MMCs). When a frequency-
droop-regulated MMC is used to integrate an offshore wind farm
into an high-voltage dc transmission system, the variation in its op-
erating ac line frequency induces a change in circulating current
harmonic frequencies. Hence, the conventional circulating current
controllers, such as proportional-resonant or repetitive controller,
which are tuned to a specific frequency, fail to alleviate the circu-
lating current harmonics. In this paper, a new control architecture
comprising of a spatial comb filter (SCF) and a spatial repetitive
controller (SRC) is proposed to effectively attenuate the even-order
harmonics in the circulating current independent of the operating
ac line frequency of the MMC. The proposed controller incorpo-
rates the phase sampling technique to achieve the dynamic change
in the sampling frequency, which is the key to strong periodic
disturbance rejection capability of the SCF and SRC even un-
der variable frequency operation. A system level simulation model
has been developed on PLECS simulation software to demonstrate
the performance of the proposed control architecture. In addition,
a scaled-down laboratory prototype of a 1-kW, 400-V, five-level
single-phase MMC is developed and the experimental results are
presented to substantiate the performance of the proposed control
scheme.

Index Terms—Adaptive comb filter, circulating current harmon-
ics, frequency adaptive periodic control, frequency droop con-
trol, HVdc transmission, modular multilevel converter, offshore
wind farm integration, spatial comb filter (SCF), spatial repetitive
controller (SRC).

1. INTRODUCTION

N HIGH and medium-voltage applications, a modular
multilevel converter (MMC) has emerged as a promising
alternative to the traditional multilevel power converter
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topologies due to its superior properties [1], [2]. Some of
these applications are high-voltage direct current (HVdc)
transmission [3], [4], offshore renewable energy integration [5],
split battery energy management systems, and medium-voltage
drives. Prominent features like distributed capacitance, which
prevents catastrophic failure, modularity, which enhances the
scalability, and fault tolerant operating capability have made the
MMC more attractive than its counterparts [6]-[9]. However,
to extract the optimum performance from the MMC, there are
some unresolved control issues to be addressed. One such issue
is the internal circulating harmonic current, which arises due to
the intrinsic structure of the MMC [10]-[13]. A lot of research
has been carried out to deal with this issue.

The second-order harmonic component of the circulating
current can trigger a series of higher even-order harmonic
currents, if it is allowed to propagate. Even-order harmonics
in the circulating current leads to increased current stress
and power loss in the switching devices, thereby resulting in
lower operating efficiency of the MMC [14]. A traditional
proportional-integral (PI) controller fails to suppress even-order
harmonics in the circulating current due to its limited gain at
harmonic frequencies and this results in inefficient steady-state
performance of the MMC. Whereas, the proportional-resonant
(PR) controller demonstrates superior suppression capability
compared to the PI controller due to its high gain at the designed
frequency. To effectively suppress even-order harmonics in
the circulating current, multiple PR controllers should be
connected in parallel. [15]. However, with the use of multiple
PR controllers, the design process gets complicated. In [16] and
[17], authors have used a repetitive-controller-based circulating
current control scheme to attenuate the even-order harmonics.
A repetitive controller (RC) has high periodic disturbance
rejection capability and a single repetitive controller can
suppress multiple harmonics [18]. This is because of the high
gain offered by the repetitive controller at a designed specific
frequency and at all the corresponding harmonic frequencies.

Block diagram of an MMC-based HVdc transmission system
for offshore wind farm integration is shown in Fig. 1. The on-
shore MMC maintains the HVdc link voltage and the offshore
MMC, which integrates the wind farm into the HVdc transmis-
sion system, will have control over the voltage and frequency of
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the offshore ac grid. All the back-to-back voltage source con-
verters (VSCs) in the individual wind turbines are connected
to the offshore ac grid. In general, frequency droop control is
employed in large wind farms to vary the active power set points
of each wind turbine, which is equipped with a full power back-
to-back VSC [19]. Droop control facilitates the decentralized
control, thereby, eliminating the requirement for intercommu-
nication between the offshore MMC and the wind turbines.
The centralized control is expensive, as it requires high band-
width communication infrastructure and is less reliable as well.
Whereas, in the decentralized control, the active power flow
from each turbine is enabled by local measurements available
to the back-to-back VSC, which makes it less expensive and
more reliable. In order to control the flow of the active power
from individual wind turbines, the offshore MMC alters the line
frequency, which in turn alters the flow of the active power
from the back-to-back VSCs according to their designed droop
characteristics. This scenario can lead to a substantial change in
the operating ac line frequency of the offshore MMC, which in
turn varies the harmonic frequencies in the circulating current.
Hence, the traditional circulating current controller based on a
PR controller, which is tuned to a specific harmonic frequency,
or a time-domain repetitive controller with fixed sampling fre-
quency will not be able to suppress the even-order harmonics in
the circulating current occurring at varying frequencies.

In [20] and [21], a double frequency negative sequence rotat-
ing reference-frame-based circulating current suppressing con-
troller has been proposed. In such reference frame, the second
harmonic of the circulating current would appear as a dc com-
ponent, therefore, a conventional PI controller can be used to
effectively attenuate the second harmonic in the circulating cur-
rent independent of the operating line frequency of the MMC,
as the controller is synchronized with the line frequency us-
ing a phase-locked loop (PLL). However, to attenuate multiple
even-order harmonics in the circulating current, multiple of such
reference frames should be defined, which increases the control
complexity. Moreover, the implementation of such controllers
in an unbalanced three-phase system poses challenge.

In [22], authors have proposed a circulating current suppress-
ing strategy based on non-ideal PR controller, in which gain of
the proposed controller is spread around the tuned frequency,
unlike in an ideal PR controller. Therefore, this controller can
damp out the harmonics even with a deviation in the operat-
ing line frequency of the MMC. But this method would be
effective only for a very limited range of frequency variation,
due to its gain characteristics and the proposed controller of-
fers a reduced gain at the tuned frequency compared to its ideal
counterpart.

To overcome the aforementioned issues, a new circulating
current control structure comprising of a spatial comb filter

Block diagram of an MMC-based HVdc transmission system for the offshore wind farm integration.

(SCF) and a spatial repetitive controller (SRC) is proposed in this
paper, to effectively attenuate the even-order harmonics in the
circulating current in a frequency-droop-regulated MMC used
for the wind farm integration into the HVdc transmission system.
The proposed control architecture reduces the current stress on
the switching devices and improves the operating efficiency of
the MMC.

Phase sampling technique, which helps in achieving dynamic
change in the sampling frequency, is a key to the implementation
of both SCF and SRC. As the SCF and SRC are implemented
based on the line-voltage phase angle sample position (6 =
f wodt) [23]-[25], w, being the fundamental frequency, the
gain characteristics of the SCF and SRC are independent of
the operating ac line frequency of the MMC, and therefore,
can effectively attenuate the circulating current harmonics even
under variable frequency operation of the MMC.

An SCF can adaptively adjust its attenuation characteristics
according to the operating line frequency of the MMC, such that
the dominant second-order harmonic component of the submod-
ule capacitor voltage ripple is filtered out even under variable
frequency operation of the MMC. Besides, the frequency adap-
tive nature and high gain of the SRC at even-order harmonic
frequencies make it effective in rejecting the periodic distur-
bances even at variable frequencies. Its gain characteristic gets
tuned according to the operating line frequency of the MMC
and effectively eliminates the even-order circulating current har-
monics even under variable frequency operation of the MMC,
thus improving its operating efficiency.

This paper is organized as follows: A simplified mathemat-
ical analysis is carried out in this paper to delve into reason
for the presence of the dominant second harmonic in both the
circulating current and submodule capacitor voltages, and this
is presented in Section II. Drawbacks of the existing circu-
lating current control schemes for the MMC are discussed in
Section ITI. Analysis and design of the proposed circulating cur-
rent control architecture is presented in Section IV. A system
level simulation model has been developed on PLECS simula-
tion software to demonstrate the performance of the proposed
control architecture and the simulation results are presented
in Section V. A scaled-down laboratory prototype of a 1-kW,
400-V, five-level single-phase MMC has been developed and
the experimental results are presented in Section VI, to substan-
tiate the performance of the proposed SCF- and SRC-based
circulating current controller. Conclusions are presented in
Section VII.

II. MATHEMATICAL MODELING OF THE MMC

The circuit configuration of a three-phase MMC with half-
bridge submodules is shown Fig. 2. Each phase leg comprises
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Fig. 2. Circuit configuration of the three-phase MMC.

of an upper arm and a lower arms. Whereas, each arm consists
of k series-connected identical half-bridge submodules and an
inductor L,.,. Upper arm and lower arm in each phase leg are
represented by the subscripts P and NV, respectively. In the litera-
ture, various types of submodule topologies have been proposed,
out of which the most conventional submodule topologies are
the full bridge and half bridge [2]. In this paper, a half-bridge
submodule is considered for the analysis.

A. General Circuit Analysis

Arm currents in an MMC are continuous unlike in the tra-
ditional power converter topologies. The ac output current of
phase a, i,, is split between the upper and lower arms, each
carrying half of it. The upper and lower arm currents are given
by (1) and (2), respectively. The current distribution must be
guaranteed by the control strategy.

. . 1
tp, = lcirc, + 51 (1)
. . 1
IN, = Tcire, — EI (2)

where ip,, ty,, and i, are the currents in the upper arm,
lower arm, and circulating current in phase a, respectively.

By adding (1) and (2), the output ac currents are cancelled
out, the circulating current obtained is

, ip, +in,
leire, = f (3)

From Fig. 2, by applying Kirchhoff’s voltage law to the upper
and lower sides of each phase leg, the output per phase voltage
equations are obtained and are given by (4) and (5).

Vi di .
Vao = % — VarmPa — Larm% - RarmZP,,, 4)
Vie di )
Vao = _Td + VarmNa + Larm% + RarmZNu (5
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Fig. 3. Per phase equivalent circuit for the circulating current in the three-
phase MMC.

where Vympq = Zf;l Vjq and Vymn, = Z?ikﬂ Vja. Vjq 1
the jth submodule terminal voltage in phase a. By subtracting
(4) from (5), substituting the arm current and circulating current
equations given by (1)-(3), the following expression can be
obtained:

Vae = ('Uamea + UarmNa) + 2Larmdl(ci% + 2‘Rarmicirc,, . (6)

The per phase equivalent circuit for the circulating current in
a three-phase MMC [17] derived from (6) is shown in Fig. 3.
The circulating current is a unique feature of the MMC, which
consists of a dc component and an unwanted ac component as
given in (7). The dc component of the circulating current, ici;c,, s
is responsible for the transfer of the power to the submodules in

each leg.
Z.circa = Z‘(:irc,l + icirca . (7)

The ac component of the circulating current, ici;c(, , is generated
due to the voltage differences naturally produced due to the
voltage ripple in submodule capacitors. It has been reported that
this component comprises of a dominant second-order harmonic
and other higher even-order harmonics [16]. The circulating
currents of the phase a in the MMC is given by

I S
= g + Z IQn,fSin(anot + d2n f) ®

n=1

eire,

where I is the magnitude of dc bus current, I, ; is the mag-
nitude of even-order harmonic current, w, is the fundamental
frequency of the ac output current ¢,, and n = 1,2, 3.... The
ac component of the circulating current brings additional loss
and current stress to the system, thus, it is not desirable. The
primary cause for the generation of even-order harmonics in the
circulating current is analyzed in the following sub-section.

B. Circulating Current Harmonic Analysis

To simplify the mathematical equations while delving into
the primary cause for the presence of dominant second harmonic
in both the circulating current and the submodule capacitor volt-
ages, we can assume an equal and a constant dc voltage across
every submodule capacitor. In this case, the ideal circulating
current component in each phase would be dc and equal to %
Therefore, the upper and lower arm currents of phase a are given
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by (9) and (10), respectively.

Lie I, .

ip, = % + 531n(w0t —0) ©)
Lie I, .

iy, = % — 5 sin(wot —6). (10)

Modulation signals for the upper arm and lower arm of phase a
are defined by (11) and (12), respectively.

mp, = Mp, sin(w,t) (1
12)

where Mp, and My, are the modulation indices. The corre-
sponding average switching functions for the upper arm and
lower arm are given by (13) and (14), respectively.

my, = MN(‘ sin(wot)

Sp. = (1 - Mpuzsin(wot)> (13)
Sy, = (1 + MNasin(wot)> . (14)

Using (9)-(14), the submodule capacitor currents of the upper
and lower arm can be written as (15) and (16), respectively.

1 1 1 — Mp si t

icp, = (ﬂ + sin(wot — 9)) . (p”—Sll'l(wo)> (15)
3 2 2
1 I 14+ My si t

ion, = (% — 5 sin(wot — 9)> : <—+ f‘a;m(“’” )> . (16)

Equations (17) and (18) can be derived by expanding and segre-
gating similar frequency terms in (15) and (16). One can observe
that the submodule capacitor currents ¢ p, and ¢¢ v, consists of
three components: dc component, fundamental component, and
second harmonic component. The reason for generation of the
second harmonic component is multiplication of two sinusoidal
terms: Z-sin(w,? — ) and M%sin(wot), which are at funda-
mental frequency. Equations (17-21) as shown at the bottom of
the next page.

For the MMC to be operated in a stable state, the dc compo-
nent of the submodule capacitor currents given in (17) and (18)
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should be equal to zero. This means while the dc bus current,
1dc» charges the submodule capacitor, the ac output current, i,
discharges it.

(22)
(23)

vop, = Vi +vcp,
ven, = Ve + ek, -

Now, we can find the voltage ripple component on the submod-
ule capacitors using (17) and (18). v¢p, and voy, given by
(22) and (23), represents the sum of the submodule capacitor
voltages in the upper arm and the lower arm, respectively, where
vop, = 2?21 Veq, and vy, = Z?ikﬂ Vca, » Vea, 18 jth sub-
module capacitor voltage in phase a. At steady state, vo p, and
vc N, consists of two components: a dc component, which is
equal to dc bus voltage Vg, and a ripple component. The rip-
ple components vcp, and vcy, can be derived by integrating
the ac component of ic p, and icy, and are given by (19) and
(20), respectively. From (19) and (20), we can observe that the
submodule capacitors have a voltage ripple at both fundamental
(w,) and second harmonic frequency (2w, ).

Vesum, = Ve p, +von, = 2Vie +v0p, + V0N, (24)

kI, Mp .
———sin(2w,t — 0).
R sin(2w, )

2ndharm.component

'ch;ma = 'UC~Pu + 'UC~Nu = (25)

The voltage, vesum, , 1 defined as sum of upper arm and lower
arm submodule capacitor voltages in phase a and is given by
(24). To find the ripple component of vVegum, » Which is defined
as Uesum, » (19) and (20) should be added and is given by (25),
assuming MPa and MNa are equal. When the ripple component
on the upper arm and lower arm submodule capacitor voltages
is summed up, fundamental frequency component of the volt-
age ripple gets cancelled out and the second-order harmonic
component gets doubled, which can be observed from (25). The
second harmonic voltage ripple, vequm, » has a detrimental effect
on the performance of the circulating current controller, which
is explained in the following section and it should be effectively
filtered out while using vequm, as a feedback control variable. As

Iy I.M 1, . TgMp, . I, M
icp, = % el os(0) + Z’sm(wot —0)— us1n(auot) + TP”COS(Qwot —0) (17)
DC component fundamental component 2nd harm. component
I I.M I, . Tac My, . I, M,
icn, = % _ e N os(0) — Zsm(wot —0)+ usm(cu,,t) + T‘“cos(?wot —0) (18)
DC component fundamental component 2nd harm. component
3 k[ - kI, kI Mp kI, Mp .
= — dt=— - t—0 _— ol _— 2w,t — 0 19
ver, = /chd 4woccos(w( )+ bonc os(w,t) + T6w.c sin(2w, ) (19)
fundamental component 2nd harm. component
- kI, k Iy M, kI,My. .
vVoN, = f/iCN dt= cos(w,t — ) — Mcos(wot) + 7N”sm(2wot —0) (20)
‘ “ 4w, c WoC 16w, c
fundamental component 2nd harm. component
kI, Mp, . kMp, (1, IecMp,\ . kI, Mp, .
VarmPa + VamNa = Ve R n(6) + Toe (4’ — dCT sin(2w, t) + T)Csm(&uat —0) 21

DC component

2nd harm. component 2nd harm. component
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the arm voltages, vympa and v,mN, are generated by modulating
the submodule capacitor voltage vo p, and vey, , respectively,
the propagation of the submodule capacitor voltage ripple into
the arm voltage can be found by using (26) and (27).

1— Mp, sin(wot)>
2

1+ My, sin(w,t)
VarmNa = UCN,, * 72 .

Varmpa = VC P, * < (26)

27)

Summing up the upper arm voltage vamp, and the lower arm
voltage vVumna results in (21), which has a dc component and
second harmonic components.

From (6), defining vjimp as the voltage across the arm inductor,
we can write

dlcircq

2Larm
dt

+ ZRarm Z'circ(, = ‘/dc - (UarmPa, + varmNa)

(28)

= UVlimb.

Some conclusions can be drawn by analyzing (21) and (28). The
circulating current 7., depends on the dc bus voltage and the
sum of the upper and lower submodules terminal voltages in
one leg. Ideally, the sum of upper arm and lower arm voltages
should be a dc voltage, but due to the propagation of the second
harmonic voltage ripple of the submodule capacitor into the
arm voltage, a second harmonic component can be observed in
(21). This results in second harmonic voltage drop across the
arm inductor, which drives the second harmonic component in
the circulating current. Further, this second harmonic current
flows through the arm, causing higher order voltage harmonics
on submodule capacitors and this in turn results in higher order
harmonics in the circulating current, leading to a cascaded effect.

The internal circulating current control loop of the MMC
modifies the modulation commands mp, and my, , which are
generated by the external line voltage control loop. The output
of the circulating current controller is subtracted from the mod-
ulation commands of the upper arm and lower arm, before they
are fed to the modulator. Hence, the circulating current con-
troller generates an additional control voltage v, across the arm
inductor. Hence, from (6) and (28), we can derive the following:

dicirca

2Larm7 + 2Rarmicirc,, = Ve — (UarmPa + varmNa) + v,

(29)

However, if the operating line frequency of the MMC, wy, varies,
the frequency at which the harmonics occur in the submodule
capacitor voltage and circulating current also varies accordingly.
Therefore, the main aim of this paper is to design a filter that
can effectively dampen out the harmonics in vegum, ,» Which is
a feedback variable, and a circulating current controller that
generates v, to counteract the periodic disturbance in the arm
voltage, in order to alleviate harmonics in the circulating current
even under variable frequency operation of the MMC.

= Vlimb + Vc-

III. EXISTING CIRCULATING CURRENT CONTROL SCHEMES

The conventional cascaded structure for the circulating cur-
rent control in the MMC [26] based on the PI controller, shown
in Fig. 4, consists of total energy control loop as the outer loop,
which controls sum of all submodule capacitor voltages vesum
in a phase leg to follow the reference command. The output of
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Fig. 4.  Existing control architecture of the circulating current control with a
PI controller.
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Fig. 5. Existing control architecture of the circulating current control with a
notch filter and a repetitive controller.

the outer total energy control loop is fed as a circulating current
reference for the inner circulating current control loop. The flow
of energy from the dc link to the submodule capacitors is con-
trolled by the inner circulating current control loop. However,
the gains of the PI controller in the outer total energy control
loop are restricted due to the dominant second harmonic voltage
ripple component of vegum. This is to prevent the propagation of
the low-frequency harmonic component of Vg, into the circu-
lating current reference. But this might lead to sluggish dynamic
response of the circulating current controller, especially during
the load transients. This means during a load transient, the tran-
sition of the circulating current reference becomes slower due to
restricted bandwidth of the outer total energy control loop. This
introduces a considerable amount of deviation in submodule
capacitor voltages as a result of mismatch in the instantaneous
input and output power during the transient. Further, depending
on the nature of the load transient, the deviation in the submod-
ule capacitor voltages reflects as a voltage sag or swell in the ac
output voltage of the MMC.

On the other hand, the inner circulating current control loop
should track the current reference generated by the outer total
energy control loop. In addition, it should also suppress the even-
order harmonic components in the circulating current caused
due to the even-order harmonic components in the arm voltages.
However, the PI controller has high gain at dc or zero frequency,
but not at harmonic frequencies. Therefore, a PI controller is
only suitable for the step disturbance rejection but not for the
periodic disturbances.

In order to restrict the propagation of low-frequency harmonic
components into the circulating current reference one can use
the notch filter in the outer total energy control loop, as shown in
Fig. 5, which is tuned to the second-order harmonic frequency.
This allows design of the PI controller in the outer loop with
required bandwidth without any restrictions. Whereas in the
inner loop a time-domain-based repetitive controller with fixed
sampling frequency, shown in Fig. 5, which is based on the
internal model principle can be incorporated in parallel with
the PI controller to deal with periodic disturbances in the arm
voltages [27]. Its ability to reject the disturbances at multiple
harmonic frequencies makes it appropriate for the elimination of
even-order harmonics in the circulating current. The repetitive
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Fig. 6. Proposed control architecture of the circulating current control with
an SCF and an SRC.

controller integrates the error and takes action on a cycle by
cycle basis. The transfer function of the repetitive controller
[16] can be written as

Zi(]\rij\r] )

1—2zN

Grc(z) = Q(Z)Krc (30)

where K. is the positive gain of the repetitive controller, Q(z)
is a low pass filter, N is the number of samples per cycle, and
N1 (N; < N) is the number of advancement samples given to
compensate the phase delay of the plant.

However, as discussed in the earlier section, due to droop con-
trol, the operating frequency of the offshore MMC might vary.
Therefore, the notch filter and the repetitive controller, which
are tuned to the rated frequency, fail to attenuate even-order
harmonics in the circulating current reference and circulating
current.

IV. PROPOSED CIRCULATING CURRENT CONTROL SCHEME

For effective operation of the repetitive controller, the
frequency of the second-order harmonic component in the cir-
culating current should be an integral fraction of sampling fre-
quency, i.e., Qsz = Ny, where Ny is a large integer, f, is the
sampling frequency, and fy is fundamental ac line frequency.
But, if the frequency of the second-order harmonic component
varies, the time-domain-based repetitive controller with fixed
sampling frequency becomes ineffective in alleviating the har-
monics. Hence, the sampling frequency must be varied accord-
ing to the frequency of the second-order harmonic component,
such that the number of samples [V, is constant. However, vary-
ing the sampling frequency in accordance with the frequency of
the second-order harmonic component in the circulating current
is a challenging task. At steady state, the discrete complex fre-
quency at the fundamental ac line frequency, f,, can be given
as z = e/“Ts where w, = 27 fy and sampling time T, = /%
If the number of samples per cycle can be maintained con-
stant according to the relation 2f /fg = N, then at steady state,
z can be given as z = 2z = ¢’ 75 = /A0 This explains that
the dynamic change in the sampling frequency can be achieved
by sampling the system at multiples of the fundamental space

phase Af = 221\’; . Therefore, the proposed control architecture

shown in Fig. 6, with the SCF in the outer total energy control
loop and the SRC in the inner circulating current loop, samples
the system at multiples of fundamental space phase Af and
takes control action at those corresponding discrete samples of
fundamental phase 6 = n33-, where n = 1,2,3... 2N;.
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of the fundamental ac line frequency f, of the offshore MMC.

A. Phase Sampling Circuit

A phase sampling circuit is incorporated in the proposed con-
trol architecture, which samples the phase angle information
of the ac line voltage, generated by a PLL. Implementation of
the phase sampling circuit, which is one of the critical element
in the proposed controller, is shown in Fig. 7. The phase sam-
pling circuit consists of a sample and hold block, which samples
the phase angle (f) when its clock input goes high. The clock
input to the sample and hold block is generated by a comparator
block, whose output toggles when the difference between sam-
pled phase angle and the actual phase angle is greater than or
equal to Af. The phase sampling technique to achieve the dy-
namic change in the sampling frequency is illustrated in Fig. 8.
As the phase angle always varies from O to 2, irrespective of
the fundamental ac line frequency, by fixing the value of A#,
one can generate fixed number of samples per cycle even with
the variation in the line frequency. From Fig. 8, we can observe
number of samples per cycle remain constant, even though the
fundamental ac line frequency f, is varied from f;; to fgo.
Output of the comparator block shown in Fig. 7, serves as a
trigger signal for the proposed SCF and SRC. Hence, the SCF
and SRC can adaptively tune their gain characteristics to miti-
gate the propagation of even-order harmonic components in the
circulating current reference and the circulating current, respec-
tively, without being affected by the variation in the fundamental
ac line frequency [28].

B. Plant Transfer Function in Phase Sample Domain

From Fig. 3 and (28), we can define the continuous plant
transfer function for the circulating current model as
icirc (5 ) 1 . 1

GP(S) - Ulimb(s) B 2Lam

€29
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Fig. 9. Block diagram of the proposed SCF.

By discretizing the aforementioned transfer function using a
forward Euler method, the discrete plant transfer function G, (2)
for the circulating current model can be derived as

icirc z Ts’ 1
Gp(z) = (2) = :

32
Ulimb(z) 2Lym 2z — (1 — 32)

Ty

arm

where 75 is the sampling period. However, the proposed control
scheme takes control action at multiples of fundamental space
phase Ad, but not at sampling period 7. By using the equations

T, = fL, N, = 2f , Af = 2\7} and w, = 27 f,, we can derive
that T, = %. Therefore, by replacing 7T in (32) with % )
the discrete plant transfer function G,(zy) for the circulating
current model in the phase sample domain is given by

7:circ(zﬁ) - A6 1

vlimb(zﬁ) B 2WoLm.rm . 29— (1 _ WR%AQ) .

Gy(20) = (33)

C. Spatial Comb Filter (SCF)

An SCF in the total energy control loop, shown in Fig. 9,
prevents the propagation of the even-order harmonics in vegum
into the c1rculat1ng current reference ;. irrespective of the
variation in the operating ac line frequency of the MMC. For this
to happen, an SCF should offer high attenuation to the harmonic
components of vegym and also the attenuation characteristics
should adapt to the change in harmonic frequencies resulted
due to the variation in the ac line frequency.

The discrete transfer function for a digital comb filter in the
time-domain sampling with sampling period 7 is given by

L ytpp Y

zZ—a

G comb (Z) =

(34)

Here, (1 — 2~+) is the filter part of the transfer function,
which offers high attenuation to any harmonic component with
a time period, which is equal to N7 or an integral fraction
of N,T;. Hence, for a given sampling period 7T, by appropri-
ately choosing the value of N, unwanted even-order harmonic
components can be eliminated from the circulating current ref-
erence.

As discussed earlier, if the harmonic frequencies vary due to
change in operating ac line frequency of the MMC, the digital
comb filter fails to attenuate the even-order harmonic compo-
nents in the circulating current reference. This is because of the
fixed sampling period 7. Therefore, an SCF in the phase sam-
pling domain is proposed in this paper and the corresponding
discrete transfer function is given by

Gscomb (ZH ) = - (35)

In the phase sampling domain, the sampling period 7T = ﬁg

varies dynamically according to the fundamental operating ac

b}
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Fig. 10. Frequency response of the proposed SCF for a = 1,b = 0.95,
Ng =20,A0 = 7/20, andwy = 100 7rad/s.
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Fig. 11. Frequency response of the proposed SCE. Dotted lines signify the
frequency adaptive nature of the proposed filter.

line frequency of the MMC, w,. Even though N is fixed, due
to its ability in achieving the dynamic change in the sampling
period T according to the ac line frequency, an SCF can adjust
its attenuation characteristics such that even-order harmonic
components in the circulating current reference are filtered even
under variable frequency operation of the MMC. However, (1 —
Zy N, ) offers attenuation to the dc component of the circulating
current reference as well. Since this dc component should not
be attenuated, the filter part of the transfer function is multiplied
with = ’2, to compensate for the attenuation effect at dc as
shown in Fig. 10. The variable a decides the location of pole in
the z plane and is chosen to be 1 so that the transfer function
79 b offers a high gain at dc or zero frequency. On the other
hand variable b decides the location of zero in the z-plane. It

is chosen such that the gain characteristics of jg :Z does not

affect the attenuation characteristics of (1 — z, Ne ) at harmonic
frequencies. Accordingly, b is chosen to be 0.95.

The value of Af is chosen to be Z 30 and hence, 40 samples
per fundamental ac cycle are achieved, as 6 varies from 0 to 27
irrespective of the ac line frequency. By setting the value of N;
as 20, which is half the number of total samples per fundamental
ac cycle, the filter offers attenuation to even-order harmonics.
The same design values have been used for both simulation and
experimental studies. The corresponding frequency response
characteristics of the proposed SCF is shown in Fig. 11. The
dotted lines in the frequency response signifies the adaptive
nature of the proposed filter to changes in the grid frequency.
Assuming the rated ac line frequency is 50 Hz, from Fig. 11, we
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Fig. 12.

can observe the filter offers very high attenuation (solid line) to
100 Hz and corresponding even-order harmonics. When the line
frequency of the MMC changes to 48 or 52 Hz, the attenuation
characteristics (dotted lines) shift accordingly. This ensures the
circulating current reference to be a near dc quantity.

D. Spatial Repetitive Controller (SRC)

Block diagram of the spatial repetitive control scheme for
suppressing the circulating current is shown in Fig. 12. The
transfer function of the SRC [23] is given by

(N, —Ny)
29

Usrc (29)

Gsrc(zé) = 6(2,9)

= KS(2) (36)

where wugc(z9) is the control output of the SRC, e(zy) is the
circulating current tracking error, K. is the positive gain of
the SRC, N;(N; < Nj) is the number of advancement sam-
ples given to compensate the phase delay of the plant, Q(zy)
is a stabilization filter, S(zy) is a second-order low-pass filter,
which filters out the switching harmonic content in the error sig-
nal. Q(zy) can be a low-pass filter or a close-to-unity constant,
which is often incorporated to increase the stability margin [16].
S(zp) is chosen as a second-order low-pass filter with a corner
frequency at w,, = 20w, and the damping ratio of 1, whereas
Q(zp) is chosen as 0.99 for simplicity and the same parameters
are used for both simulation and experimental studies.

In the phase sample domain, the control law for the SRC can
be written as

usrc(iv om) = Usrc(i - 17 9777,) + Ksrc . 6(2 - 1, 0m+N1) (37)
where g (7, 0,,) is the control output of the SRC at the mth
position sample in the ith iteration cycle, and e(i — 1,0, 4 v, ) is
the error of the reference and output at the (m + N7 )th position
sample in the (¢ — 1)th iteration cycle.

The frequency response characteristic of the SRC is shown
in the Fig. 13. High gain of the controller at even-order har-
monic frequencies makes it effective in rejecting the periodic
disturbances at those frequencies. Due to its frequency adap-
tive nature, the gain characteristic gets tuned according to the
operating line frequency of the MMC.

From Fig. 12, the circulating current ig.(2z9) can be
derived as

(PI(z9) + Gre(20))Gip(20) _ ..
1 + (PI(ZE)) + GSTC(ZG))GP(ZQ) circ

Gp(zﬂ)
1+ (PI(zp) + GsrC(ZQ))Gp (z9)

(zp)

Leire (26 ) =

+ 'Ulimb(zé))~ (33)
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Fig. 13.  Frequency response of the proposed SRC. Dotted lines signify the
frequency adaptive nature of the proposed controller.

Whereas, the tracking error e(zp) can be derived as

e(z9) = izirc(zﬁ) — Gp(zé‘) - Ulimb (20)
") 7 T4 (PI(26) + Gue(20))Gy (29)

The characteristic polynomial equation of the spatial repetitive
control system can be given as

H(Z(.)) =1+ (PI(ZG) + Gsrc(zr‘)))Gp(Zé‘)
= (1 +PI(20)Gp(20)) - (1 + Gsre(20)Car(20))

Gp(z0)
1+Pl(zg )Gy (20)
tion from the disturbance input vjmp(24) to the circulating cur-
rent i¢i(2¢), before an SRC is added to the system. From the
characteristic equation given in (40), we can derive conditions
for the stability of the system. The first condition is, the PI
controller PI(zy) should be designed such that the roots of the
polynomial equation 1 + PI(zy)Gp(2y) are inside the unit cir-
cle, to ensure that the system is stable before the SRC is added
to the system. The second stability condition, which gives in-
sight into the design criteria of the SRC, is that the roots of the
polynomial equation 1 + Gy (29)Ce(29) = 0 should be strictly
within the unit circle for the system to be stable after the SRC
is added. By substituting (36) into 1 + G (29)C.i(29) = 0 and
rearranging the terms, we can derive

Zéva - [Q(Z(-)) - KsrcS(Z())Zévl c](Z(.))} =0.

Therefore, the necessary and sufficient condition for the stability
of the system with the SRC is given as [16], [17], [29]

|Q(20) - KsrcS(ZG)ZéVl C(:Z(ZQ)H < 1.

Define, T(e/“Ts) = Q(e/*T) — KgoS (e797) e N1wTs Oy
(/“T%), in the phase sampling domain T, = ﬁ—e. For the stable

(39)

(40)

where C¢(z9) = is the closed-loop transfer func-

(41)

(42)

operation of the system, magnitude of the vector |T'(e/“+)| for
w € [0, 7/T], should never exceed the unit circle.

Design Procedure: Equation (42) is crucial for the design
of the SRC. First, the number of advancement samples N}
to compensate the phase delay of the plant is chosen as one
sample so that the phase delay of S(zy)Cu(zg) is effectively
compensated at harmonic frequencies. Fig. 14 shows the phase
response S(zg)Ce(zg) and z;Nl, with N; = 1 and it can be
observed that their phase is nearly equal at harmonic frequen-
cies. Therefore zév ', with N; =1 can cancel out the phase
delay of the S(zp)Cu(zp) at harmonic frequencies. Then, using
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Fig. 15. Nyquist plot of |T'(e/“Ts)|, with T, = %,A@ = 7/20, and
wp = 100 7rad/s.

the condition given in (42), gain of the SRC, K. is selected
for simulation and experimental studies. With K. = 0.01 and
for parameters of system analyzed in the simulation study, the
Nyquist plot for T'(e/“7*) is shown in Fig. 15 from which we
can observe the locus of the vector is well within the unit circle
ensuring the stability of the system. A similar analysis has been
performed for the experimental system and a gain of 0.03 is
chosen accordingly.

V. SIMULATION RESULTS

In this section, system level simulation results have been
presented to demonstrate the performance of the proposed cir-
culating current controller. The schematic of the MMC-based
HVdc transmission system for the offshore wind farm integra-
tion is shown in Fig. 1. A simplified simulation model [30] of the
same has been developed in PLECS simulation software and is
shown in Fig. 16. Assuming the dynamics in the dc-link voltage
of the offshore MMC are minimal during the chosen simulation
period, the dc link is modeled as a constant dc voltage source.
As we are studying the effect of the proposed controller on the
dominant low-frequency harmonics in the circulating current,
the switching harmonics can be neglected, and therefore, an av-
eraged model is used for the offshore three-phase MMC to keep
the design simple and to increase the simulation speed. On the
wind farm side, all the wind turbine generators with two-level

Fig. 16.
shore wind farm into the HVdc transmission system.
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TABLE I
SIMULATION PARAMETERS

Wind Farm MMC Wind Power Inverter

Rated Power 50 MW Rated Power 50 MW
Rated Frequency 50 Hz Rated Frequency 50 Hz
Rated DC Link Voltage 320 kV Rated DC Link Voltage 1100 V
Rated Terminal Voltage 166 kV Rated Terminal Voltage 690 V
No. of SMs per Arm 20 Rated Voltage at PCC 166 kV
Submodule Capacitance 100 pF Filter Inductor 25 pH

Arm Inductance and Resistance 10 mH and 0.01 Q

TABLE I
CONTROL PARAMETERS

Controller Parameter Value
Ksre 0.01
Spatial Repetitive Controller N. 20
Ny 1
Circulating Current PI controller K, & K; 0.01 & 0.1
Average Voltage PI Controller Ky & K;  0.0005 & 0.01

back-to-back power electronic converters are modeled as an ag-
gregated two-level wind power inverter with a power source. As
the generator-side converter in the back-to-back configuration
is decoupled from the grid side converter by a dc-link capacitor,
the wind turbine generator and the converter can be modeled
as power source. The specifications of the modeled system and
the control parameters are given in Tables I and II respectively.
The effect of droop control on various parameters of the off-
shore MMC is shown in Fig. 17. The plot shows line frequency,
HVdc link power, per phase point of common coupling (PCC)
voltages and PCC currents. We can observe as the line frequency
is changed, the HVdc link power is varied accordingly and the
corresponding variation in the PCC currents is also shown. As
the main concern is to study the effect of the variable line fre-
quency on circulating current harmonics, the performance of
the existing and proposed circulating controller during these
conditions is shown in Figs. 18 and 19, respectively.

Fig. 18 shows the effect of the notch filter and repetitive
controller (refer to Fig. 5) on the circulating current refer-
ence generated by the total energy control loop and the actual
circulating current flowing through phase A of the three-phase
offshore MMC. The result has been divided into four sections,
where the MMC is operating at a 50-Hz line frequency for
first three sections. The first section shows the result with both
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Fig. 17.  Simulation results showing effect of droop control on the MMC line
frequency, HVdc link power, and three-phase PCC voltages and currents.
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Fig. 18.  Simulation results demonstrating the performance of the notch filter

+ repetitive-controller-based circulating current controller.

notch filter and repetitive controller being deactivated where we
can observe both the reference and actual current has unwanted
dominant second-order harmonic at 100 Hz in addition to the
dc component. This is due to the voltage ripple component of
Uesum, Which is fed to the outer total energy control loop. Sig-
nificant gain of the outer voltage loop PI controller at 100 Hz
results in second-order harmonic in the circulating current refer-
ence. We can observe the ripple component in the actual current
is greater than the reference, which is due to harmonics in the
arm voltage. Once the notch filter, which has been tuned to
100 Hz, is activated, the reference current becomes a near dc
quantity as shown in the second section of the result. In spite
of that, a significant magnitude of the second harmonic is still
seen in the actual current due to inability of the inner loop PI
controller to counter act the harmonic disturbance in the arm
voltages. When the fixed sampling frequency plug-in repetitive
controller, tuned to counter act even-order harmonic disturbance
in the inner loop is activated, the dominant second-order har-
monic in the circulating current gets attenuated. However, at the
end of the third section, when the MMC operating line frequency
changes from 50 to 48 Hz, the even-order harmonics (at 96 Hz)
reappear in both reference and actual circulating current. This
is because the notch filter and repetitive controller are tuned for
100 Hz and corresponding harmonic frequencies and they lack
the adaptability to the external varying grid conditions. Hence,
the notch filter + repetitive-controller-based circulating current
control scheme fails to suppress the harmonics in the circulat-
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Fig. 19. Simulation results demonstrating the performance of the proposed
SCF + SRC-based circulating current controller.

ing current at frequencies other than the rated frequency. These
harmonics can lead to device stress, submodule capacitor stress,
and excessive power loss in the converter.

Fig. 19 shows the results with the proposed SCF in the outer
total energy control loop and the SRC in the inner circulating
current control loop. In the first section of the result, the ref-
erence and circulating current consists of the dominant second
harmonic component, however, by activating SCF and SRC,
the second-order harmonic is greatly attenuated, which can be
observed in second and third sections of the simulation result.
When the line frequency is changed from 50 to 48 Hz, the
second-order harmonic component appears initially in both the
reference and actual circulating current. This is due to the change
of the ripple voltage frequency across sum of the submodule ca-
pacitors from 100 to 96 Hz and change of even-order harmonic
frequencies in the arm voltage from 100 to 96 Hz and its multi-
ples. Since the SCF is a frequency adaptive filter, it gets tuned
soon to the new frequency and ripple components in the ref-
erence dies within a few number of cycles. Similarly, the SRC
gets tuned to new frequency of periodic disturbance in the arm
voltages and successfully attenuates the even-order harmonics
in the circulating current. Therefore, in spite of the change in
the operating line frequency of the MMC, the proposed SCF
and SRC are able to attenuate harmonics in the circulating cur-
rent, and hence, improves the steady-state performance of the
converter by reducing the ripple current stress on submodule
capacitors and power loss in the devices.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

The main aim of this section is to experimentally validate the
performance of the proposed SCF- and SRC-based circulating
current control scheme. Therefore, an experimental prototype
of a 1-kW, five-level, single-phase MMC is developed and it
has been demonstrated that the proposed controller is able to
effectively attenuate the even-order harmonics in the circulat-
ing current of a single-phase MMC, even though the harmonic
frequencies vary due to the change in the fundamental ac line
frequency. Since the harmonics in the circulating current are
not affected by the direction of the power flow, an RL load is
connected on the ac side of the MMC and varied its operating
line frequency. This simplifies the test bed development process
without losing the test effectiveness.

The experimental prototype of the single-phase MMC com-
prises of an upper arm and a lower arm, whereas each arm
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Fig. 20. Schematic diagram of the single-phase MMC and laboratory
prototype of a half-bridge submodule.

Fig. 21. Laboratory prototype of a 1-kW five-level single-phase MMC
with four half-bridge submodules and a PLECS RT box for controller
implementation.

consists of two half-bridge submodules. Fig. 20 shows the de-
veloped IGBT-based half-bridge submodule, which is a basic
building block of the single-phase MMC. Four such half-bridge
submodules are used to realize the five-level single-phase MMC
as shown in Fig. 21. An arm inductance of 2.5 mH is used in
each arm and a submodule capacitance of 0.96 mF is used in
each half-bridge submodule . Carrier phase-shifted sinusoidal
pulsewidth modulation (PWM) is employed to generate the mul-
tilevel voltage within the arms of the single-phase MMC. Each
arm is modulated with two triangular carrier waves, which are
180° (360°/k) phase shifted, & is the number of submodules
per arm. The switching frequency of the each half-bridge sub-
module is fixed at 20 kHz. The proposed SCF- and SRC-based
circulating current controller, average voltage controller, and
individual voltage balance controller are implemented on the
PLECS RT box, shown in Fig. 21. Parameters of the single-
phase MMC and the proposed SCF and SRC-based circulating
current controller are given in Tables III and IV, respectively.
Fig. 22 shows the multilevel output voltage and output current of
a five-level single-phase MMC, which is tested at the 400-V dc
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TABLE III
PARAMETERS OF THE SINGLE-PHASE MMC
Parameter name Symbol Value
DC link voltage Ve 400 V
Output AC voltage (rms) Vo 120 V
Rated power P, 1000 W
Number of submodules in each arm k 2
Submodule capacitor C 940 pF°
Rated capacitor voltage Vo 200 V
Arm inductance Larm 25 mH
Equivalent arm resistance Rarm 0.1 Q
PWM strategy Carrier phase shift PWM
Submodule switching frequency fsm 20 kHz
MMC equivalent switching frequency fery 40 kHz
TABLE IV
CONTROLLER PARAMETERS
Controller Parameter Value
Average voltage Proportional Gain &
. 0.01 & 1
controller Integral Gain
Circulating current Proportional Gain &
X 0.1&1
controller Integral Gain
Repetitive controller Kyre, Ng, N1 0.03, 20, 1
Spatial Repetitive
controller Ksre, Ns, N1 003,20, 1
& 2019/06/13 13053 Normti-Res  Edge CH3 5 108 V
@ 114 12.545/s Auto
5200 Vwd® ]
| Moin : 1.25 N

10ms/div |

Output Voltage v, (200 V/div)

Output Current i, (20 A/div)

Rms(C1) 8.23641 A Rms(C3) 120.582 V Freq(C3) 50.00520 Hz

Fig. 22.  Experimental results for the output voltage and output current at the
400-V dc input voltage and 1-kW rated power.

input voltage and the 1-kW output power. With the implemen-
tation of the average voltage controller and individual voltage
balance controller, the upper and lower arm submodule capaci-
tor voltages are maintained equal and are at the reference value
of 200 V, shown in Fig. 23.

The performance of the proposed SCF- and SRC-based circu-
lating current control strategy is compared with the traditional
cascaded PI-based and notch filter + repetitive-controller-based
circulating current controllers. Experimental results for the cir-
culating current reference (which is generated by the outer av-
erage voltage control loop), circulating current, and upper and
lower arm currents under steady state with the conventional



10520

Nomdi-Res  Edge CH1 £39.0 V
12.5M5/s Auto

%Q 2018/06/14 13:28:40
50.0 V.giv ! &> 50.0 Vv |

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

YOKOGAWA 4 2018/06/21 17:00:04 Nomti-Res  Edge CH3 F 2710mA
Stopped Auto.

Mo : 1.5 N 10ms/div

Lower Arm Submodule Capacitor Voltages (50 V/div)
eI ST T ST T S e S

Upper Arm Submodule Capacitor Voltages (50 V/div)

ol B Py st el BT
Fig. 23. Experimental results for the upper arm and lower arm submodule
capacitor voltages at the 400-V input voltage and 1-kW rated power.

YOKOGAWA 4 2018/06/20 185651

5.00 Assiv 1

NormtiRes  Edge CHI £3.90 &
12.5MS/s futo

> 500mA iy 2 [0
Men: 1.5 N

10ms/div

Circulating current reference and Circulating current (0.5 A/div)

Arm currents i,and iy, (5 A/div)

With Pl Controller @ 50 Hz line frequency

4.79942 A

() 4.88263 A
(C3) 2.61423 A ng} 100.8935 Hz

Tl ki

Fig. 24.  Experimental results for the circulating current reference, circulating
current, and arm currents under steady state with a cascaded PI controller at a
rated operating frequency of 50 Hz.

cascaded PI-control-based circulating current controller for a
single-phase MMC operating at a 50-Hz line frequency are
shown in Fig. 24. We can observe both the circulating cur-
rent reference (waveform in blue) and actual circulating current
(waveform in pink) has unwanted even-order harmonic com-
ponents in addition to the dc component. The total harmonic
distortion (THD) profile of the both the waveforms is given
in Fig. 29. As discussed in the earlier sections the 100-Hz
component in the circulating current reference is due to the
voltage ripple component of v.gm, Which is fed to the outer
total energy control loop. Significant gain of the outer voltage
loop PI controller at 100 Hz results in the second-order har-
monic in the circulating current reference. We can observe the
even-order harmonic components in the actual circulating cur-
rent are at higher magnitude than in the reference, which is
due to harmonics in the arm voltage of the MMC. And also
the upper and lower arm currents are non-sinusoidal due to the
presence of the dominant second-order harmonic in the circulat-
ing current. In addition, the rms value of the circulating current

1.20M8/s.
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Fig. 25. Experimental results for the circulating current reference, circulating
current, and arm currents obtained during a step change in the operating line
frequency from 50 to 52 Hz with a notch filter + repetitive controller.
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Fig. 26.  Experimental results for the circulating current reference, circulating
current, and arm currents obtained during a step change in the operating line
frequency from 50 to 48 Hz with a notch filter + repetitive controller.

increases due to the presence of even-order harmonics in it. This
in-turn increases the power loss in the switching devices of the
converter.

Figs. 25 and 26 show the experimental results for the circu-
lating current reference, circulating current, and arm currents
obtained during a step change in the operating line frequency
with a notch filter + repetitive-controller-based circulating cur-
rent controller. With the use of the notch filter, tuned to 100 HZ,
in the outer total energy control loop and a repetitive controller in
addition to the PI controller in the inner circulating current con-
trol loop, the second-order harmonic in the circulating current
reference and even-order harmonics in the circulating current
are alleviated, and hence, the arm currents are sinusoidal, while
operating at the rated operating line frequency of 50 Hz. This
is due to high attenuation of the notch filter and the high gain
offered by the repetitive controller at the specific designed fre-
quency of 100 Hz and at corresponding harmonic frequencies.
However, with a change in the operating ac line frequency from
50 to 52 Hz as shown in Fig. 25, or from 50 to 48 Hz as shown in
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Fig. 27.  Experimental results for the circulating current reference, circulating
current, and arm currents obtained during a step change in the operating line
frequency from 50 to 52 Hz with SCF + SRC.

Fig. 26, the notch filter + repetitive-controller-based circulating
current controller failed to attenuate the even-order harmonics
in the both circulating current reference and circulating cur-
rent. From Fig. 25, one can observe that with the change in the
fundamental line frequency to 52 Hz, the dominant second-order
harmonic, which is at 104 Hz, and other even-order harmonics
have propagated in the circulating current reference and circulat-
ing current, and as a result, the arm currents are non-sinusoidal.
This is due to variation in the ripple frequency of v¢gym from 100
to 104 Hz with change in the operating line frequency from 50
to 52 Hz. As per the design, the notch filter offers high atten-
uation to the 100-Hz component, and the repetitive controller
offers high gain to the 100-Hz component and its corresponding
harmonic frequencies. Therefore, this control scheme fails to at-
tenuate even-order harmonic components. A similar response is
observed when the operating line frequency is changed from 50
to 48 Hz. As shown in Fig. 26, dominant second-order harmonic,
which is at 96 Hz, appears in both circulating current reference
and circulating current. These even-order harmonics in the cir-
culating current can have an adverse effect on the performance
of the MMC.

To substantiate the performance of the proposed control
scheme, the same test has been carried out on the 400-V, 1-kW,
five-level single-phase MMC with the SCF + SRC-based cir-
culating current controller and the corresponding experimental
results for the circulating current reference, circulating current,
and arm currents obtained during a step change in the operating
line frequency are shown in Figs. 27 and 28. With the use of
the SCEF, in the outer loop and an SRC in conjunction with the
PI controller in the inner loop of the proposed controller, the
second-order harmonic in the circulating current reference and
even-order harmonics in the circulating current are mitigated
and the arm currents became sinusoidal, while operating at the
rated operating line frequency of 50 Hz. This is due to high
attenuation of the SCF and high gain of the SRC at frequency
of 100 Hz and at corresponding harmonic frequencies. Even
with a change in the operating ac line frequency from 50 to
52 Hz as shown in Fig. 27, or from 50 to 48 Hz, as shown
in Fig. 28, the proposed SCF- and SRC-based circulating cur-
rent controller efficiently suppresses the even-order harmonics
in the both circulating current reference and circulating current,

Fig. 28.  Experimental results for circulating current reference, circulating
current, and arm currents obtained during a step change in operating line fre-
quency from 50 to 48 Hz with SCF + SRC.
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Fig. 29. Comparison of the experimentally obtained THD profile of the

circulating current reference (blue) and circulating current (red) with the PI
controller and notch filter + repetitive controller at a rated operating frequency
of 50 Hz.

thereby, maintaining sinusoidal arm currents. With the change in
the operating line frequency from 50 to 52 Hz, the frequency of
the second-order harmonic voltage ripple in vcgum, Which is the
driving force for circulating the current harmonics, shifts from
100 to 104 Hz. Even then the proposed controller is able to adap-
tively tune its gain characteristics to mitigate the propagation of
even-order harmonics in the circulating current reference and
circulating current, and as a result, the arm currents are main-
tained sinusoidal, as shown in Fig. 27. A similar performance
has been observed when the operating line frequency is changed
from 50 to 48 Hz and the controller performance is shown in
Fig. 28.

Therefore, from the results presented in Figs. 27 and 28, it is
evident that the even-order harmonics in the circulating current
reference and circulating current are suppressed by the proposed
SCF- and SRC-based circulating current controller even under
variation in the operating ac line frequency of the single-phase
MMC. A phase sampling circuit is incorporated in the pro-
posed control architecture that enables phase domain sampling.
As the phase angle varies always from O to 27, irrespective of
the fundamental ac line frequency, by fixing the value of A#,
fixed number of samples can be generated per cycle, thereby,
achieving dynamic change in the sampling frequency. This re-
sulted in strong harmonic suppression capability of the pro-
posed SCF- and SRC-based circulating controller irrespective
of the variation in the fundamental operating frequency. As the
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Fig. 30. Comparison of the experimentally obtained THD profile of the
circulating current reference (blue) and circulating current (red) with the notch
filter + repetitive controller and SCF + SRC at different operating frequencies.

traditional time-domain repetitive controller uses a fixed sam-
pling frequency, the number of samples per cycle is not constant
with the change in the operating ac line frequency. Hence, a
repetitive-controller-based circulating current controller failed
to attenuate the even-order harmonics. The THD performance of
the proposed controller is compared with the conventional con-
troller and summarized as shown in Fig. 30. It can be seen that
with the proposed controller, even-order harmonics are effec-
tively attenuated in the circulating current even under variable
frequency operation of the MMC.

VII. CONCLUSION

In this paper, a new circulating current control architecture
comprising of an SCF and an SRC is proposed to effectively
attenuate the even-order harmonics in the circulating current in-
dependent of the operating ac line frequency of the MMC. First,
a simplified mathematical analysis is presented to dwell into
the reason for the presence of the dominant second harmonic in
both the circulating current and submodule capacitor voltages.
Then, the drawbacks of the existing circulating current control
schemes for the MMC are discussed. Afterwards, analysis and
design of the proposed circulating current control architecture
is presented. Finally, results obtained from a system level sim-
ulation model developed on PLECS simulation software and a
scaled-down laboratory prototype of a five-level single-phase
MMC are presented to demonstrate the performance of the pro-
posed control architecture. Results show that the conventional
time-domain-based repetitive controller has failed to attenuate
the even-order harmonics in the circulating current, when the
operating ac line frequency of the MMC is varied. This is due
to the limited harmonic rejection capability of the time-domain-
based repetitive controller at variable frequencies. On the other
hand, the proposed control architecture with an SCF in the outer
loop and an SRC in the inner loop has effectively eliminated
the even-order harmonics in both the circulating current refer-
ence and the circulating current even under variable frequency
operation of the MMC, thereby, improving the steady-state per-
formance.

ACKNOWLEDGMENT

This work has been carried out at the National University of
Singapore as a part of the research on “High Voltage AC/DC

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 11, NOVEMBER 2019

Power Transmission for Subsea Power System,” sponsored by
Singapore Maritime Institute in collaboration with Schlum-
berger Limited, Singapore.

REFERENCES

[1] M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular mul-
tilevel converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 4-17,
Jan. 2015.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, “Operation,

control, and applications of the modular multilevel converter: A review,”

IEEE Trans. Power Electron., vol. 30, no. 1, pp. 37-53, Jan. 2015.

S. Kolluri, N. B. Y. Gorla, R. Sapkota, and S. K. Panda, “A new control ap-

proach for improved dynamic performance of MMC based HVDC subsea

power transmission system,” in IEEE Innov. Smart Grid Technol.—Asia,

Dec. 2017, pp. 1-6.

R. Sapkota, S. Kolluri, J. Adhikari, and S. K. Panda, “Fault identification

algorithm for MMC based hybrid high voltage dc transmission system

for deep-water oil and gas processing,” in Proc. 19th Eur. Conf. Power

Electron. Appl., Sep. 2017, pp. P.1-P.8.

R. Sapkota, S. Kolluri, J. Adhikari, and S. K. Panda, “MMMC based multi-

terminal HVDC subsea power transmission system with the integration of

offshore renewable energy,” in Proc. IEEE Innov. Smart Grid Technol.—

Asia, Dec. 2017, pp. 1-6.

[6] M. Malinowski, K. Gopakumar, J. Rodriguez, and M. A. Perez, “A survey

on cascaded multilevel inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2197-2206, Jul. 2010.

[7] A. Lesnicar and R. Marquardt, “An innovative modular multilevel con-

verter topology suitable for a wide power range,” in Proc. IEEE Bologna

Power Tech Conf., Jun. 2003, vol. 3, pp. 1-6.

M. Glinka and R. Marquardt, “A new ac/ac multilevel converter family,”

IEEE Trans. Ind. Electron., vol. 52, no. 3, pp. 662—669, Jun. 2005.

S. Allebrod, R. Hamerski, and R. Marquardt, “New transformerless, scal-

able modular multilevel converters for HVDC-transmission,” in Proc.

IEEE Power Electron. Spec. Conf., Jun. 2008, pp. 174-179.

[10] X. Li, Q. Song, W. Liu, S. Xu, Z. Zhu, and X. Li, “Performance anal-
ysis and optimization of circulating current control for modular multi-
level converter,” IEEE Trans. Ind. Electron., vol. 63, no. 2, pp. 716-727,
Feb. 2016.

[11] M. Vasiladiotis, N. Cherix, and A. Rufer, “Accurate capacitor voltage
ripple estimation and current control considerations for grid-connected
modular multilevel converters,” IEEE Trans. Power Electron., vol. 29,
no. 9, pp. 4568-4579, Sep. 2014.

[12] G. Konstantinou, J. Pou, S. Ceballos, R. Picas, J. Zaragoza, and V. G.
Agelidis, “Utilising redundant voltage levels for circulating current control
in modular multilevel converters,” in Proc. 41st Annu. Conf. Ind. Electron.
Soc., Nov. 2015, pp. 002213-002218.

[13] G. Bergna et al., “An energy-based controller for HVDC modular mul-
tilevel converter in decoupled double synchronous reference frame for
voltage oscillation reduction,” IEEE Trans. Ind. Electron., vol. 60, no. 6,
pp- 2360-2371, Jun. 2013.

[14] M. A. Prez, R. L. F, and J. Rodriguez, “Decoupled current control of
modular multilevel converter for HVDC applications,” in Proc. IEEE Int.
Symp. Ind. Electron., May 2012, pp. 1979-1984.

[15] X. She, A. Huang, X. Ni, and R. Burgos, “AC circulating currents sup-
pression in modular multilevel converter,” in Proc. 38th Annu. Conf. IEEE
Ind. Electron. Soc., Oct. 2012, pp. 191-196.

[16] M. Zhang, L. Huang, W. Yao, and Z. Lu, “Circulating harmonic cur-
rent elimination of a CPS-PWM-based modular multilevel converter with
a plug-in repetitive controller,” IEEE Trans. Power Electron., vol. 29,
pp- 2083-2097, Apr. 2014.

[17] L. He, K. Zhang, J. Xiong, and S. Fan, “A repetitive control scheme

for harmonic suppression of circulating current in modular multilevel

converters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 471-481,

Jan. 2015.

S. Yang, P. Wang, Y. Tang, M. Zagrodnik, X. Hu, and K. J. Tseng,

“Circulating current suppression in modular multilevel converters with

even-harmonic repetitive control,” IEEE Trans. Ind. Appl., vol. 54, no. 1,

pp- 298-309, Jan. 2018.

S.D’Arco, A. Petterteig, R. Pittini, and T. M. Undeland, “Droop regulated

VSCs for island operation of future offshore systems,” in Proc. IEEE

Trondheim PowerTech, Jun. 2011, pp. 1-6.

[2

—

[3

=

[4

—

[5

[t}

[8

—_—

[9

—

[18]

[19]



KOLLURI et al.: NEW CONTROL ARCHITECTURE WITH SPATIAL COMB FILTER AND SPATIAL REPETITIVE CONTROLLER

[20] B. Bahrani, S. Debnath, and M. Saeedifard, “Circulating current sup-
pression of the modular multilevel converter in a double-frequency ro-
tating reference frame,” IEEE Trans. Power Electron., vol. 31, no. 1,
pp. 783-792, Jan. 2016.

Q. Tu, Z. Xu, and J. Zhang, “Circulating current suppressing controller
in modular multilevel converter,” in Proc. 36th Annu. Conf. IEEE Ind.
Electron. Soc., Nov. 2010, pp. 3198-3202.

S.Li, X. Wang, Z. Yao, T. Li, and Z. Peng, “Circulating current suppressing
strategy for MMC-HVDC based on nonideal proportional resonant con-
trollers under unbalanced grid conditions,” IEEE Trans. Power Electron.,
vol. 30, no. 1, pp. 387-397, Jan. 2015.

S. Dasgupta, S. K. Sahoo, S. K. Panda, and G. A. J. Amaratunga, “Single-
phase inverter-control techniques for interfacing renewable energy sources
with microgrid—Part II: Series-connected inverter topology to mitigate
voltage-related problems along with active power flow control,” IEEE
Trans. Power Electron., vol. 26, no. 3, pp. 732-746, Mar. 2011.

S. Kolluri, P. Thummala, R. Sapkota, J. X. Xu, and S. K. Panda, “Spatial
repetitive controller for minimizing circulating harmonic currents in mod-
ular multilevel converters for variable frequency applications,” in Proc.
42nd Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2016, pp. 3612-3617.
S. Dasgupta, S. K. Sahoo, and S. K. Panda, “Single-phase inverter control
techniques for interfacing renewable energy sources with microgrid—Part
I: Parallel-connected inverter topology with active and reactive power flow
control along with grid current shaping,” IEEE Trans. Power Electron.,
vol. 26, no. 3, pp. 717731, Mar. 2011.

M. Hagiwara and H. Akagi, “Control and experiment of pulsewidth-
modulated modular multilevel converters,” IEEE Trans. Power Electron.,
vol. 24, no. 7, pp. 1737-1746, Jul. 2009.

S. Kolluri, N. B. Y. Gorla, R. Sapkota, and S. K. Panda, “A repetitive and
Lyapunov function-based control approach for improved steady state and
dynamic performance of modular multilevel converters,” in Proc. 43rd
Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2017, pp. 687-692.

S. Kolluri, N. B. Y. Gorla, R. Sapkota, and S. K. Panda, “Spatial repetitive
controller for improved steady state performance of droop regulated mod-
ular multilevel converter in wind farm application,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2018, pp. 1673-1678.

P. Mattavelli, L. Tubiana, and M. Zigliotto, “Torque-ripple reduction in PM
synchronous motor drives using repetitive current control,” IEEE Trans.
Power Electron., vol. 20, no. 6, pp. 1423-1431, Nov. 2005.

J. Lyu, X. Cai, and M. Molinas, “Frequency domain stability analysis
of MMC-based HVDC for wind farm integration,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 4, no. 1, pp. 141-151, Mar. 2016.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Sandeep Kolluri (S°16) received the B.Tech. de-
gree in electrical and electronics engineering from
the Acharya Nagarjuna University, Guntur, India, in
2011, and the M.S. (by research) degree in power
electronics from the Indian Institute of Technology
Madras, Chennai, India, in 2014. He is currently
working toward the Ph.D. degree in electrical en-
gineering with the National University of Singapore,
Singapore.

He was with the Department of Electrical and
Computer Engineering, National University of Sin-
gapore, from July 2014 to July 2015, as a Research Engineer. His research
interests include modular multi-level converters, dc—dc converters, and con-
trol of power electronic converters for energy management in hybrid electric
vehicles.

10523

Naga Brahmendra Yadav Gorla (S’ 15) received the
M.S. degree (by research) from the Indian Institute of
Technology Madras, Chennai, India, in 2013. Since
January 2015, he has been working toward the Ph.D.
degree with the Electrical Machines and Drives Lab,
National University of Singapore, Singapore.

He was with the Electrical and Electronics Depart-
ment, Singapore Polytechnic, as a Research Engineer
between October 2013 and December 2015. His re-
search interests include power quality improvement
in grid-connected inverters and rectifiers, fault detec-
tion and localization in multilevel converters, fault tolerance and resiliency in
multilevel converters, and solid-state transformer architectures and control.

Rajesh Sapkota received the Bachelor of Technol-
ogy degree in electrical engineering from National
Institute of Technology, Kurukshetra, India, in 2011,
and the Master of Science degree in power en-
gineering from Nanyang Technological University,
Singapore, in 2015.

He is currently working as a Research Engi-
neer with the Department of Electrical and Computer
Engineering, National University of Singapore, Sin-
gapore. He has previously worked with Schneider
Electric, Mumbai, India, as a Field Service Engineer
in the field of retrofitting and revamping of LV/MV switchgears. His research
interests include modeling of subsea cable, voltage source converters, modeling,
control, and operation of the modular-multilevel-converter-based HVdc grid for
the power supply to distant oil and gas facilities and offshore renewable energy
integration, and fault identification protection of the HVdc grid.

Sanjib Kumar Panda (S’86-M’91-SM’01) re-
ceived the B.Eng. degree from the South Gujarat
University, Surat, India, in 1983, the M.Tech. de-
gree from the Indian Institute of Technology, Ba-
naras Hindu University, Varanasi, India, in 1987,
and the Ph.D. degree from the University of Cam-
bridge, Cambridge, U.K., in 1991, all in electrical
engineering.

Since 1992, he has been holding a Faculty Posi-
tion with the Department of Electrical and Computer
Engineering, National University of Singapore, Sin-
gapore, and currently serving as an Associate Professor and the Director of the
Power & Energy Research Area. He has authored and coauthored more than 200
peer reviewed research papers, coauthored one book, and contributed to several
book chapters and six patents. His research interests include high-performance
control of motor drives and power electronic converters, condition monitoring
and condition-based maintenance, building energy efficiency, etc.

Dr. Panda received the Cambridge-Nehru Scholarship and M. T. Mayer
Graduate Scholarship during his Ph.D. study (1987-1991). He is serving as an
Associate Editor of several IEEE Transactions and the Editor of the Journal of
Power Electronics, South Korea. He has served in various capacities for the two
key conferences: the IEEE Power Electronics and Drive Systems Conference
and the IEEE International Conference on Sustainable Energy Technologies
Conference series organized and managed by the IEEE Joint Industry Appli-
cations Society/ Power Electronics Society (PELS) Society Chapter, Singapore
Section. He has served the IEEE Section Congress 2014 as a Member of the
Program Committee. He is serving as the IEEE R-10 Asia Pacific Liaison Of-
ficer for the IEEE PELS. He was the recipient of the IEEE Third Millennium
Medal, the IEEE Singapore Section Outstanding Volunteer Award in 2010, and
the IEEE Region-10 Outstanding Volunteer Award in 2014.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


