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Abstract—In a modular multilevel converter (MMC), the second
and other even-order harmonics in the circulating currents are
mainly due to the fluctuations in the capacitor voltages in the sub
modules of the MMC. The increased circulating currents affect the
system performance and threatens the safety operation of power
devices. To mitigate the circulating currents, this article puts
forward the application of an advanced repetitive controller with
alternate phase opposition and disposition pulse-width modulation
technique. The proposed controller was operated in tandem with
a proportional integral controller for better results of circulating
current harmonic suppression and then the stability analysis was
analyzed by the Popov criteria. This method is very simple to im-
plement and suitable for multiple harmonic mitigation. Computer
simulations and experimental results on a prototype shows that the
proposed controller is effective and easy to implement for MMCs.

Index Terms—Harmonic mitigation, MMC dynamics, MMC
stability, modular multilevel converter.

I. INTRODUCTION

HE field of MMCs has witnessed many rigorous investiga-
T tions leading to successful operation in high voltage direct
current (HVDC) systems. In recent times, very long distance
HVDC transmission lines based on current source converters
and voltage source converters (VSCs) have been used offering
more economic and cost-effective power transmission. How-
ever, the HVDC transmission systems based on VSCs have been
bestowed with warm-welcome owing to the manifold opportu-
nities like the grid access of weak alternating current (AC) net-
works and independent control of the active and reactive power.
In particular, the novel power converter topology for MMCs has
been intensively researched and developed, and then, was eval-
uated for many features like high modularity, simple scalability,
robust control, and redundancy. MMC is composed of identical
sub modules (SM) connected in series, each one built up with
standard components, enabling the connection to high-voltage
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poles. Although the MMCs and derived topologies offer sev-
eral advantages, they also introduce a more complex design of
the power circuit and control goals, which are the main reasons
for the recent ongoing research. Furthermore, medium voltage
VSC’s are an interesting area for the application of MMCs .The
ever increasing demand of industry for stability, adaptability and
accuracy of control of power electronic (PE) equipment at very
high voltages led to the development of relatively less total har-
monic distortion (THD) based modern PE static converters. PE
converters produce complex waveforms, which can be resolved
into a series of sinusoidal waves of various frequencies. Hence,
any complex waveform is the sum of a number of odd and/or
even harmonics, which can be eliminated by designing a proper
controller by tuning it in to unwanted harmonic components.
Due to the uneven voltage distribution in the legs of MMCs,
circulating currents flow through the legs of the converter. It
consists of second and even-order current harmonics resulting
in the deterioration of the system performance. To control and
mitigate the harmonics, in [1], a method has been proposed
under balanced voltage condition; in which the circulating cur-
rents have been suppressed with an inner current controller. A
method based on nonideal proportional resonant controller has
been implemented in [2]. This [2] controller is designed in sta-
tionary «, (3 reference frame and well adopted for variation in
grid frequencies. This [2] method has a disadvantage in that the
ac side current must be separated into the positive and negative
sequences for control under an unbalanced voltage condition.
To overcome this disadvantage, an enhanced control method has
been implemented without separating the positive and negative
sequence components [3]. To control the voltage oscillations, an
energy-based controller has been proposed in [4]. This technique
has a disadvantage of not controlling the circulating currents in
the converter. A conventional technique based on theoretical re-
lationship between switching frequency and circulating current
has been developed in [5]. This [5] technique has several disad-
vantages for not controlling at unbalanced conditions. A tech-
nique based on reduced switching frequency has been imple-
mented in [6]. This control technique has the disadvantage of in-
clusion of a double-line-frequency ripple in ac-side active power
by controlling ac-side negative-sequence currents to zero under
unbalanced voltage conditions. A control method has been de-
veloped in, [17], [18], for circulating currents with inner current
suppressing control in a-b-c stationary frame, since circulating
currents have positive, negative, and zero sequence components
under unbalanced voltage conditions. But, this method has the
disadvantage of generating a phase delay because of its uti-
lization of a high-pass filter to separate circulating currents;
furthermore, it cannot improve the transient response occurring
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in the inner unbalanced currents and dc-link currents under un-
balanced voltage conditions. A selective harmonic elimination-
based technique has been implemented in [8] to eliminate the
voltage harmonics at the output terminals of the MMC. A car-
rier phase shift based PWM has been implemented in [9] with
a plug-in repetitive controller. However, this method [9] has a
disadvantage in the calculation volume of the processor, which
increases with an increase in the level of the MMC. The steady-
state analysis of the converter has been given in [ 10], which gives
a clear idea about MMC in steady state and simplified terminal
behavior model has been presented in [12]. A repetitive control
[11] scheme has been implemented by converting the controller
into discrete form. It has various advantages but is slow under
transient [21]. The various repetitive controllers have witnessed
excellent characteristics in various applications [14], [15], [20]
especially in wind power systems. The various stability anal-
ysis for different controllers have been given in [13]. Differ-
ent capacitor voltage balancing schemes have been proposed
to control the circulating currents. But the main disadvantage
is that it exhibits sluggish response under transient conditions
and also require many voltage sensors which increases the cost
of the system. The different balancing schemes have been pro-
posed in [16] and [19]. To overcome the above drawbacks, this
article presents an advanced repetitive controller in a closed-
loop method for suppression of multiple harmonic currents. To
improve the transient response, the proposed controller is paral-
leled by the proportional integral controller. This method is very
simple to implement and applicable to single-phase and three-
phase system applications in the HVDC transmission system
and FACTS applications like static synchronous compensator,
etc. The APOD-PWM scheme has been applied, while the bal-
ancing of SMs capacitor voltage is not affected. The proposed
controller stability is analyzed by the Popov criteria. Verifica-
tion results shows that this method can suppress the circulating
currents and its transient response substantially compared with
the existing methods [7], [11].

This paper is organized in five sections. In Section I, it
provides the introduction about the MMC with the literature
overview; Section II provides modeling of MMC in state-space
approach; In Section III the controller design has been elabo-
rated with its stability analysis by Popov approach, Section IV
provides simulation and experimental verification; and finally
the discussion and conclusion.

II. MATHEMATICAL MODELLING OF CIRCULATING CURRENTS

The basic circuit topology is shown in Fig. 1. It is a three-
phase N-level MMC having n SMs in the upper arm and n
SMs in the lower arm. This circuit mainly consists of an in-
ductor having self-inductance L1 and L2, also called as arm
inductors denoted by L and these are present in each leg of
the converter. Each module consists of SM switches S1 and
S2 with their antiparallel diodes D1 and D2, respectively as
shown in Fig. 1. SM switches S1 and S2 consist of a capac-
itor, connected in parallel and it is denoted as C's1.The basic
switching operations for some operating states has been shown
in [1]. The top SM switches in R phase upper leg are con-
sidered as S1,52,53..5n and the lower leg are considered
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Fig. 1. Three-phase N-level MMC with SM operation.

as S(n+1),5(n+2),S(n+3)...,52n). The instanta-
neous voltages across the capacitors in the SMs are denoted
as V.1, Voo ... V.. The current flowing through the R phase
upper leg, bottom leg, circulating current, and phase currents
are represented by Iir, g, I.irr, Ir, respectively. Kirchoffs
voltage law (KVL) has been applied to find the voltage across R
phase and represented as Vi for upper arm and V;y for lower
arm. The input supply voltage is V.. Initially, it is assumed that
the voltage across all SM capacitors in upper arm and lower arm
are equal and shown in (1) and (2), respectively

‘/cl = ‘/;:2 = ‘/;:3 = V;’n, (1)
‘/n+l = - V(?n) (2)

Under any switching condition, the sum of capacitors voltage for
upper arm Y, V,,, and lower arm > V,; is shown in (3) and (4),
respectively. The voltage across the SM capacitors may change
mainly due to switching action of SMs. The sum of differential
capacitor voltage for upper arm >, AV,,, and lower arm ) AV,
can be written as shown in (5) and (6), respectively. The average
voltage across each upper arm SM and each lower arm SM can
be written as shown in (7) and (8), respectively, with input dc
voltage as Vi,

‘/c(n+2 ‘/( n+3)

D Ve =Va+ Ve + Vi 3)
Z‘/cl - Pn+1 +V;’n+2 +ch(2n) (4)
Y AV = AV + AV -+ + AV, ()

D AV = AVuir) + AVinaz) -+ AVizn)  (6)

N - N (7
Z V;:l V:lc + Z A‘/cl
N N ' ®)

From Fig. 1, the MMC has been modeled and its equivalent
circuit shown in Fig. 2. The switching vector obtained by the
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Fig. 2. Three-phase N-level equivalent circuit of the MMC.

alternate phase opposition disposition (APOD) scheme (which
will be discussed in Section III) of R-phase upper arm can be
written as in (11) as Sp and its conjugate can be written as
shown in (12) as Si. The SM output voltage V,m is obtained
by the condition of the switch. If S; is OFF and S is ON, its
output voltage is shown in (9) and if S; is ON and S, is OFF,
its output equation is shown in (10) with its operating modes
shown in Fig. 1(i)—(iv)

‘/;771 = chu (9)
Vem = 0. (10)

This modes of operation are called direct current flow and in-
verse current flow, respectively

SR = [SmlemQ cee Smn] (11)
Sg = [Snt1,S042 ... Say] (12)
Sp+Sp =N (13)

where, Sy is the switching vector for the R-phase upper arm,
which consists of all switching conditions of each SM and Sy
is the switching vector for the R-phase lower arm. The sum of
Sg and Sp is equal to N as shown in (13). Since at any point of
time, N SMs will conduct in the leg of converter and necessary
precautions should be taken not to operate the two switches in
an SM at a time. The same conditions shall be applicable to Y
and B phases as well. The output voltage at the terminals of the
MMC (before connecting the load is denoted with suffix 1 and
after connecting the load it is denoted with suffix '2 in equations)
in terms of switching function can be written as (14), (15), and
(16), where Vi1, Vi1, VB represents the voltage across the R
phase, Y phase and B phase, respectively, before connecting
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the load
Vr1 = %[[253 — Sy — SB]Vin (14)
Ve = 2[-Su + 25y  Sp]Vi (15)
Vi = 5[~ — Sy + 254V (16)

By referring the equivalent circuit shown in Fig. 2, the current
passing through the R phase (in a-b-c form) can be written as
shown in (18) and for Y phase and B phase can be written as
(19), (20), respectively. In this article, the internal resistance of
each SM has been considered for respective capacitors and arm
inductors as .1 and r7, 1, respectively. For simplicity in writing,
the matrix values have been denoted as different equations

L1+ el

=W,.—=X,.— =7 = W-
L1 17L1 17L 1, L1 2,
TRL + QTCI 1 Tel Tel
TR T 2Tl _ o, = (et —Z
L, 211 <L1 Lg 2)

a7

where Ip1, Ir2 is current passing through R-phase MMC be-
fore connecting to the load and after connecting to load respec-
tively and V1 is the voltage across R-phase MMC

d

1
—Ip %= — Iri1® — (X VI po® — — a
g lm (W1)Ip: (X1)1Ipo I Vi1
2
+ 3 257 = Sy = Sp] Vac (18)
Q= WD — (X)) Iy — 1
dt L
2
+ 5 [~5k +25y — Sp] Vac (19)
@ = — (W) I — (X)) " — Vi
dt B1 — 1)L{B1 1 B2 Ll B1
2
+ 3 [=Sk — Sy + Sp] Vac (20)

where Ir1, IR is current passing through R-phase MMC before
connecting to the load and after connecting to load, respectively,
and V1 is the voltage across R-phase MMC

[ 18, W, 00 1%,
% "= 0 -W; 0 Iy"
15" 0 0 —Wil|Ipe
X, 0 0 I8, ~Z 0 0
+]1 0 =X1 0 Iys" |+ 0 —=Z, 0
B AR 0 0 -z
_ g[QSR*SY*SB]Vdc
Vi 3
Vo' | + | 2[5 + 25 — S5 Vac @1
| VB1* P

3 =58 — Sy +25p] Vac
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Fig. 3.

a-b-c to d—q by using parks transformation technique.

In the similar manner, the current passing through the load can
be written as (21), where Ly is the load inductance and rp,
load resistance

1%, —Wh 0 0 1%,
% Iyy" 0 W 0 Iy,"
Ip>° 0 0 -Wi] Lig"©
X, 0 0 ][V
+] 0 =Xy 0 Vit
0 0 -Xi Vp1©
-7 0 0 Vi
+1 0 -z 0 Vyri? (22)
L O 0 —Zi]LVe"

For the simplicity in calculations, the obtained dynamic equa-
tions can be converted from a-b-c to d—q by using Park’s trans-
formation technique in Fig. 3.

The transformation could be thought of as a transformation
from three axes to two axes; for uniqueness of the transfor-
mation, one set of axes to another set of axes, including the
unbalance in the abc variables required three variable’s such
as dq0

211 211

I, cosf. cos (OC — 3) cos (HC + 3> In
211 211

Iy | = sinf, sin <9 — 3> sin <0 + 3) Iy |

Iy 1 1 1 Ip

2 2 2
(23)

In a balanced three-phase MMC, the sum of the three-phase
currents are zero and is given as Ir + Iy + Ip = 0.
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III. APOD PWM TECHNIQUE AND DESIGN OF CONTROLLER
A. APOD PWM Scheme

Due to its less complexity in generation of pulses for large
number of switches, APOD pulse-width modulation (PWM)
technique has been applied to MMC. For easy explanation, a
five-level APOD scheme has been discussed and shown in Fig. 4.
In this scheme, subsystem triangular wave generates four carrier
waves of 1000 Hz frequency and these are compared with sine
wave of 50 Hz frequency. Then the firing/gate pulses are gener-
ated to trigger the switches S1, Sz, S3, Sy of Fig. 1. When these
signals are passed through NOT logical operator then compli-
ment signals are generated. Thus, obtained NOT signals are used
to trigger lower arm switches of the MMC. Similarly 120 out of
phase signals are used to trigger the rest of two arm switches.
Switching scheme is followed according to Fig. 4. Complete
information about APOD scheme can be found in [1]. Each leg
of the MMC circuit consists of stacks of SMs and noncoupled
buffer inductors. Each SM consists of a dc capacitor (floating)
and IGBT’s. By applying KVL to the loop of Fig. 2, which
is independent of the load. The following equations could be
obtained as shown in

1 1 digp
Vro = 3 (Vir = Vir) — 3 (Ldt +ir X R) (24a)
dim’,rR .
2 (L dt + RZm’,rR - ‘/d(: - (‘/fR + ‘/IR) (24b)
icirr = itn — 5 =iim + 5 (24c)
icirk = 5 (itR = UR) (24d)

2

where i.;, r 1S the R-phase circulating current. The relationship
among the circulating current, the output current, and arm cur-
rent could be written as shown in (24¢) to (24d). The circulating
current can be expressed in terms of fundamental components
as shown in (24)

>~

(uR - 5 Z (l(]SIH ]th+ th) (25)

where [;;, is the input current, j is a positive integer varying
from 1 to k, ¢, is the angle between voltage and current, and
wy is the angular frequency. The controller should be designed
so as to be fully sufficed the (25). Further, by applying KVL to
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Fig. 2, circulating currents in the upper leg and lower leg can be
written as

k
Lig = Iqc + Ip1 +ZIaCjSin (jW()t+SDt) (26)
=2
k
Iig = Igc — Ip1 + ZIaCjSin (Gwot +1). (27
Jj=2

From (26) and (27), it is evident that the upper and lower legs
of converter consists even-order harmonic components. The de-
signed controller should eliminate both the lower order and
higher order even harmonics, since all odd harmonics are ab-
sent and evident as per (24). To efficiently eliminate the harmon-
ics from the system, an individual controllers should be added
as shown in Fig. 5. The second-order controller, fourth-order
controller, sixth-order controller, eighth-order controller, and
tenth-order controller have been added to remove the respective
second, fourth, sixth, eighth, and tenth-order even harmonic
components. Even though, the higher order harmonics are less
in number, as the order of converter increases the effect on sys-
tem can be noticed. Hence, adding of individual controllers will
make the system more complex and costly. Hence, in [2], a
nonideal resonant controller has been implemented to mitigate
the circulating currents. Resonant controller has the capability to
suppress the specific harmonic components but it fails to operate
at higher order frequencies which may leads to instability of the
system. In [11], a digital plug in repetitive controller with car-
rier phase shifted PWM has been proposed; which intended to
eliminate higher and lower order harmonics. The disadvantage
of that controller [11] is that it fails to operate at transient con-
ditions and causes delay in fast response. Hence, in this article,
an advanced digital robust repetitive controller paralleled with
the PI controller has been implemented to reduce the harmonics
up to 49th order.

B. Controller Design

The important requirement of the controller is to regu-
late the controlled variables to reference commands without
any steady-state error against unknown disturbance input. To
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Fig. 6. Proposed harmonic controller applied to the MMC.
eliminate the steady-state error, one should use integral con-
troller with its optimum gains. The unknown disturbance in
this case is circulating currents for a fixed time period 7'. This
proposed controller takes the input (circulating currents) from
output terminals of the MMC and it acts as multiple harmonic
controller. The complete block diagram of the controller with
the MMC is shown in Fig. 6. The controller is paralleled with
proportional (P) and integral (I) controller to obtain the better
performance. The optimum values of P and I controllers are
obtained with the use of the integral square error (ISE) tech-
nique. Where w, is the bandwidth, 7; is the measurement lag
for voltage and current controllers, 7}, is the measurement lag
for harmonic controller, w, is the resonant frequency, K, is the
proportional gain, and K is the integral gain of the controller.
Primarily, the MMC and its resistive—inductive load has been
modeled and denoted as

A1 B
Cy Dy

Ay By
Cy Dy

9

respectively. The system has been employed with the current
controller and voltage controller with inner integral current loop
as shown in Fig. 5. For the voltage controller, the voltage at the
terminals of load, which is in a-b-c¢ form can be converted in
to d—q form by using Park’s Transformation technique. Thus,
obtained results have been compared with the voltage reference
wave (which is obtained through discrete virtual phase locked
loop and resultant signal has been passed through the integral
controller to ensure the steady-state error to zero. The same
procedure has been implemented for current controller. The
circulating currents from the terminals of the MMC have been
compared with circulating current reference I.s (in this case
it is zero). Thus, obtained results have been passed through
the proposed repetitive controller with parallel PI controller to
ensure steady-state error to zero. The obtained signal decides the
operative modulation index (MI) and subsequently the switching
pattern of SMs. The values of the proportional and integral gains



MADICHETTY et al.: APPLICATION OF AN ADVANCED REPETITIVE CONTROLLER TO MITIGATE HARMONICS IN MMC WITH APOD SCHEME

START

Initialize the iterations

Index all the Local Best

Y Values with its Index
> Objective =1, Majajala
v aYaYaYa\
A
Control Parameters
KoK KoK Ko K "2222 Reeut
y

[ By assigning the any random value to
control parameters, obtain the best
value and save its index

Best Optimum Values
from local best

Apply ISE Technique

L]

Start iterations for getting local best
values

*Local Best Value

[aYaTATA]
[aYaTaTA]

Save the Local Best Values

Fig. 7. Flowchart chart showing the applicability of ISE technique.

have been obtained through the ISE technique. In this paper, the
proportional and integral gains for all controllers have been
considered as variables with circulating currents as an objective
function. The detailed flowchart for the applicability of ISE
technique have been shown in Fig. 7. The transfer function for
the controller shown in Fig. 6 can be written by considering the
following short equations as:

we + S+ Ghre _ 1 _
82+2-wc-s+wg _G(S)Rr-l-s-Lr _L(S)’
1
<s~ (sTy + 1)) = H(s) (28)
Vour (Kp +55) +[G(s) + H(s)] - L(s)

Vin 1+ [(K, +£2) +{G(s) + H(s)} - L(s)]

{/ (3) - Viisturbance -
1+ [(K, + £2) +{G(s) + H(s)} - L(s)]
(29)

Vvout(cmd) -

Once the closed-loop controller is introduced in to the system,
the stability of the controller will play a vital role. Since the
system is nonlinear, hence, Popov’s criteria is used to find its
stability.

C. Stability Analysis by Using Popov Criteria

The system is said to be absolutely stable if it has a glob-
ally uniformly asymptotically stable equilibrium point at the
origin for all nonlinearities in a given sector. The circle and
Popov criteria give frequency-domain sufficient conditions for
absolute stability in the form of strict positive realness of cer-
tain transfer functions. In the single-input-single-output case,
both criteria can be applied graphically [14]. Popov criterion
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is used for stability analysis with nonlinear feedback system.
There are some restrictions on using the Popov criterion. Popov
criterion derives from the circle criterion and the scope applica-
tion is smaller than Circle criterion. Popov criterion is restricted
in the situation of 0 = o < 8 which means that the graph of
nonlinear system belongs to the sector [0, 3]. Where «, 3 are
Popov sector constants. The problem of nonlinear system stabil-
ity can be solved by using Lyapunov stability analysis [14]. But
the necessity of nonlinear system in state space, as Lyapunov
method presumes, has restricted to certain extent its applica-
tion in practice. Hence, Popov [14] criterion is applied to the
system to investigate the stability of controller. The harmonic
mitigated controller characteristic equation with unity negative
unity feedback is expressed as T(s) in (30)

T(s) = {1 + (Kp + K") .L(s)} Gls) + <ﬁ>

1+ (K, + ) L(s)

- L(s).
(30)
As per Hurwitz criteria, the region of stability of the system is
bounded by the values of the parameters «, (3, at which both nec-
essary and sufficient conditions of the asymptotic stability are
satisfied. This region consists of the left lower quadrant bounded
by the lines o < 1,3 < 0, and the right triangle with vertices
(0,0),(1,0), (1,1). The resulting stability region is shown in
the Fig. 8. Since the controller satisfies the Hurwitz criteria, it
can move on to the testing stability of controller in various con-
ditions. As per Popov criterion, the characteristic loci of T(s) do
not circle the point (77, 0), but in the case of conditionally
stable T(s), the total sum of anticlock wise encirclements of that
pointis equal to m /2, where m is the number of unstable poles of
T(s). The transfer function T(s) should obeys the Popov’s crite-
ria only when the parameters 0 < (T} (z);)/x; < kmax — kmin,
where i = 1,2,3... n,T;(x); is the nonlinear elements in the
system, kp,,x and ki, are the maximum and minimum limits
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of the control system. To satisfy the stability condition of Popov
criteria, the transformation matrix can be expressed in terms of
canonical representation of Popov equations as

Ty (jw) = T(jw) - diag [qr; (jw)] T~ (jw) ~ (31)

where  gri(jw) = ¢;(jw)/(1 + ¢ (jw) - kmin; i =1,2,... 2
are the stable canonical transfer functions of a transformed
linear part, and ¢;(jw),T(jw) are the initial linear part of
Popov matrix and canonical transfer function, respectively.
Then, the complete representation of the transfer function can
be represented as

. . . , 4 (jw)
T -T . 1 T
2 (jw) 1(jw) - diag (( ) 1+ qi(jw * kmin)
1 —1/,:
) T 0

The inequalities are not so convenient to use, hence, it adopts
the absolute stability analysis to be conducted directly through
the gain loci of T(s) of off circle criteria as shown in Fig. 8. The
real parts of (31) can be represented as (32) for the satisfaction
of Popov criterion

kmax + kmin > ’

Re <q1 (]W) + kaakain

kmax + kmin
2kmax kmin

where R(w) = —V“'QW(L 1

2
+Im <qi (jw) + wr > > R(w)2 (33)

m— — 7. )i R(w) is the radius of
the circle. The equation of circle in the complex plane of T; (jw),
having its center at the point of U (w) with coordinates as shown
in (34) and (35)

/1 1
lm@@»+%(k_—k.> (34)

1 1 1
Re(U(w))+§<k — - - ) (35)

Both U(w), R(w) of the circle are functions of the frequency
'w’ regardless its value and all circles intersect at real axis at the
points (1/kmin, 1/kmax) as shown in Fig. 8. The angular coef-
ficient of the tangents to the circles at these points are equal to
—1/w,1/w, . These tangents of the point coincides with Popov
Line Re(T(w)) — w Im(T(w)) + 1/kmax = 0. For the Hermi-
tian matrix Re(T'(w)) to be positive definite at some frequency
w, for a constant T, it is necessary that Popov line is outside
the circles and encirclements are not intersecting. Hence, the
proposed controller is completely stable. The obtained values
of 1/kmin 2 and 1/kpayx is 5 with 1/w, is 0.003. These values
are obtained by substituting the necessary controller parameters
in (31) and (32). It should be noted that the choice of controller
parameters in the complex plane of Popov Criteria is not trivial.
Hence, by observing the Fig. 8 and its graphical representation
as shown in Fig. 9. The set of points at the loci (7'(w)) marked
by the frequency w, should be located at the outside of cor-
responding circle. The proposed controller stability analyzed
with different conditions by plotting the magnitude and phase
response as shown in Fig. 7(c). Primarily, the system is analyzed
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Fig. 9. Stability analysis for repetitive controller used for the MMC and its
reaching criteria.
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Fig. 10. Magnitude and phase response of repetitive controller used for MMC.
TABLE I
PARAMETERS IN THE MODELLING
Parameters Symbol Simulation, Experimental Values
Input voltages Vie 250V
SM’s Capacitance C 16 mF-400 V
Arm Inductance L 3 mH
Carrier frequency F. 1300 Hz
No. of SM’s per arm N 4
IGBT’s S Inbuilt with resistance consideration/
FF600R07ME4-B11
Power Diode D Inbuilt with resistance consideration /RURG5060

50 A, 600 V Ultrafast Diode

without controller and then with controller. System without con-
troller attenuates the harmonics at only certain periods, whereas
with controller it attenuates for very large number of periods as
shown in Fig. 10. From the graphical representation of the Popov
approach, it is clear that system reaches steady-state stability.

IV. SIMULATED AND EXPERIMENTAL RESULTS

A down-scaled model of three-phase five-level MMC has
been established to verify the proposed control system. The
simulation and experimental parameters has been listed in Ta-
ble I and controller parameters have been listed in Table II.

Fig. 11 shows a half-bridge circuit based on the MMC, where
the stack number of chopper cells was selected as four per leg
to confirm the basic operating principle, although the stack for
HVDC systems will be used 47-level or more. Depending on
the rating of the HVDC systems, the components of the systems
will be selected. Fig. 11 shows that the experimental set-up
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TABLE I
DOWNSCALED MODEL CONTROLLER PARAMETERS

Parameters Symbol Values

CONT ATMEGA-16,16 MHZ 8 Bit Micro
controller

Kp1KpsKps 3.14

Controller

Proportional gain

Integral gain Kri, KoKy 2132
Stability Boundaries Kunin, Kmax  (0.2,0.5)
Time constant T, Ty, 0.0002 S,0.0005S

Fig. 11.  Experimental setup of five-level MMC.

. : i .
Perphase output voltage before application of filter
Y i i

i
] : 4
Perphase output voltage after application of filter

an o

Fig. 12.  Output voltage obtained through simulation.

of proposed MMC. All the components used for simulation and
hardware have been shown in the Tables I and II. First, the MMC
has been executed in Matlab/Simulink. The output voltage ob-
tained from the simulation has been shown in Fig. 12 which is
stepped sinusoidal signal without filter and smooth signal is ob-
served after application of the LCL filter at the output terminals
with voltage magnitude is 240 V (P-P). Fig. 13 shows the SM
capacitor voltages for upper and lower SMs before and after ap-
plication of controller. It consists of spikes and unbalances in the
upper and lower modules before application of controller and
spikes has been mitigated after application of controller. Also,
there is increment in the output voltages as shown in Fig. 14.
The system with controller is perfectly balanced and circulating
currents are almost zero and is shown in Fig. 14. Also, the sys-
tem has been examined for transient response for sudden change
in its load. The proposed system was exposed to 10%, 20%, and
30% sudden change in loads and controller is able to attenu-
ate the circulating currents perfectly and it is shown in Fig. 13.
Without the controller, system is able to attenuate the harmonic
components at 50 and 100 Hz. Whereas system with controller
was able to attenuate the frequencies up to 2500 Hz. Hence, the
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Fig. 13. Capacitor voltages, output voltage, output current and circulating
currents obtained before and after application of controller.

Required
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Fig. 14.  Performance of proposed controller.

Fig. 15.
MMC.

SM capacitor voltages across R,Y,B phases of upper limb in the

system with repetitive controller gives better performance than
system without controller. Also, it is observed that by changing
the load, the performance of the controller remains unchanged.
Without the application of controller to five-level MMC, the
circulating currents passing through the legs of inverter is 2.0
A while the upper module and lower module capacitor voltages
are fully unbalanced condition as shown in Fig. 14. Whereas
after application of controller, the circulating currents reduced
to 0.1 A with upper and lower modules are in balanced state
which is shown in Fig. 14 and its voltage is 239.3 V with its
current 4 A(P-P). Thus, it is proper that with the application of
controller, the content of circulating currents has been reduced
drastically. The performance of the controller for various distur-
bances and its tracking position is shown in Fig. 14 and voltage



6120

Fundamental (S0Hz) = 139,46 , THD= 7 83%
T T

L -
Sap R
5
£ Lower Order A
Ll i Harmoincs .- Higher Order: £
e s Harmoincs
s / /
# //
E" - o -
= Fd

1 lﬂmm:/ |
0 Liliaaall.i fkad i sl s i
1] 5 10 15 2 % i £ a0
Harmonic order
Fundamental S0Hz) = 1492 THD=0.37%
10 T T T T T

g 9 i

i

56l ; i

- All Lower Order All Higher Order

= Harmoincs are absent Harmoincs are absent

; i - i

3 i Y

a 4

£ 2 a Wi

i /
0 x I 1 » L Il
0 10 20 0 [ E]
Harmaors: ceder
Fig. 16. Harmonic profile before and after application of controller.

AtMI 0.75 Lower order Harmonics.
0.8 are present 0.8

0.6 0.6

AtMI 0.8 Lower order Harmanics.
are pressnt

0.4 0.4

02/ ° o

02 —-JL?L—*—%-—— [ “—J-L—L—L—
10 "“?ﬂ 40 10 20 F%I_I“‘“ 40 50

1 1
At MI 0.85 Lower order Harmonics
08 e 0.8

Harmonics are complets
eliminated and highest order is 48™
order, which

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

whereas with 0.85 MI, the dominant harmonics are 36th and
38th order; whereas with 0.9 MI, the dominant harmonics are
48th order; thus it can be concluded that as the MI increases, the
dominant harmonic components increase. The analysis consists
of experimental verifications and simulations illustrate substan-
tial decrement of THD to 0.37%. The removal of the filters in
the output makes it less complicated and reduces the cost. This
justifies the effectiveness of the proposed controller.

V. CONCLUSION

The second and other even-order harmonics in the circulat-
ing currents are mainly due to the fluctuations in the capacitor
voltages in the SMs of MMC. This paper proposed an advanced
repetitive controller to mitigate the circulating currents of the
MMC. This method is simple and substantially eliminate the
harmonic components with improved transient performance,
while the voltages of SM capacitors are kept well balanced.
This method is very helpful for real-time applications espe-
cially in the HVDC transmission systems. Both simulation and
experimental results have shown the validity and effectiveness
of the proposed method.

REFERENCES

[1] M. Sreedhar, A. Dasgupta, and S. Mishra, “New harmonic mitigation
scheme for modular multilevel converter: An experimental approach,”
IET Power Electron., vol. 7, no. 12, pp. 3090-3100, Dec. 2014.

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

[3] J.-W. Moon, J.-W. Park, D.-W. Kang, and J.-M. Kim, “A control method
of HVDC-modular multilevel converter based on arm current under the
unbalanced voltage condition,” IEEE Trans. Power Del., vol. 30, no. 2,

effect least
06 08
04 04
02 02
%030 40 00" 3 40 50
FigiTie) R

Fig. 17. Harmonic profile before and after application of controller.

across the SM capacitors is shown in Fig. 15. The system with
PI controller is able to track the position with considerable de-
lay and whereas with proposed controller, the system is able to
track the required signal within 20 us; which is quite acceptable
for 50 Hz system. For any disturbance in the load, the con-
troller reaches steady state in 10 ps and it follows the required
path simultaneously without any delay. The THD performance
is observed before and after application of controller. Before
the application of controller, the fundamental peak amplitude is
136.46 with many number of lower and higher order harmon-
ics. Whereas after the application of controller, the fundamental
amplitude is 149.3 with zero lower order and higher order har-
monics and is shown in Fig. 16. It achieves THD of 0.37% with
controller, which is obtained with output LC filter and 7.83% of
THD without controller. The experimental verification of har-
monic profile with changing in the MI has been investigated and
shown in Fig. 17(a)—(d). The system with 0.75 MI, the domi-
nant harmonic components are 10th and 12th order; whereas
with 0.8 M1, the dominant harmonics are 22nd and 24th order;

(4]

(51

(6]

(71

(8]

[91

[10]

[11]

[12]

pp. 529-536, Apr. 2015.

G. Bergna, E. Berne, P. Egrot, P. Lefranc, A. Arzande, J.-C. Vannier,
and M. Molinas, “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.

Yalong Li and F. Wang, “Arm inductance selection principle for modu-
lar multilevel converters with circulating current suppressing control,” in
Proc. 28th Annu. IEEE Appl. Power Electron. Conf. Expo., Mar. 17-21,
2013, pp. 1321-1325.

Q. Tu, Z. Xu, and L. Xu, “Reduced switching-frequency modulation and
circulating current suppression for modular multilevel converters,” IEEE
Trans. Power Del., vol. 26, no. 3, pp. 2009-2017, Jul. 2011.

Z.Li, P. Wang, Z. Chu, H. Zhu, Y. Luo, and Y. Li, “An inner current sup-
pressing method for modular multilevel converters,” IEEE Trans. Power
Electron., vol. 28, no. 11, pp. 4873-4879, Nov. 2013.

G. Konstantinou, M. Ciobotaru, and V. Agelidis, “Selective harmonic
elimination pulse-width modulation of modular multilevel converters,”
IET Power Electron., vol. 6, no. 1, pp. 96107, 2013.

M. Zhang, L. Huang, W. Yao, and Z. Lu, “Circulating harmonic current
elimination of a CPS-PWM-based modular multilevel converter with a
plug-in repetitive controller,” IEEE Trans. Power Electron., vol. 29, no. 4,
pp. 2083-2097, Apr. 2014.

Q. Song, W. Liu, Z. Li, H. Rao, S. Xu, and L. Li, “A steady-state analysis
method for a modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 28, no. 8, pp. 3702-3713, Aug. 2013.

L. He, K. Zhang, J. Xiong, and S. Fan, “Repetitive control scheme for
harmonics suppression of circulating current in modular multilevel con-
verters,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 471-481, Jan.
2015.

D. C. Ludois and G. Venkataramanan, “Simplified terminal behavioral
model for a modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 29, no. 4, pp. 1622-1631, Apr. 2014.



MADICHETTY et al.: APPLICATION OF AN ADVANCED REPETITIVE CONTROLLER TO MITIGATE HARMONICS IN MMC WITH APOD SCHEME

[13] O. N. Gasparyan, Linear and Non-Linear Multi Variable Feedback Con-
troller: A Classical Approach. New York, NY, USA: Wiley, 2008.

M. A. Herrn, J. R. Fischer, S. A. Gonzlez, M. G. Judewicz, I. Carugati,
and D. O. Carrica, “Repetitive control with adaptive sampling frequency
for wind power generation systems,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 2, no. 1, pp. 58—69, Mar. 2014.

Y. Cho and J. Lai, “Digital plug-in repetitive controller for single-phase
bridge less PFC converters,” IEEE Trans. Power Electron., vol. 28, no. 1,
pp. 165-175, Jan. 2013.

[16] M. Sreedhar and A. Dasgupta, “Voltage balancing scheme in MMC-
A new approach,” Int. J. Emerg. Elect. Power Syst., vol. 15, no. 4,
pp. 389-399, Jul. 2014.

K. Wang, Y. Li, Z. Zheng, and L. Xu, “Voltage fluctuation suppres-
sion method of floating capacitors in a new modular multilevel con-
verter,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 17-22, 2011,
pp. 2072-2078.

E. Solas, G. Abad, J. A. Barrena, S. Aurtenetxea, A. Crcar, and L. Zajac,
“Modular multilevel converter with different submodule concepts—Part
I: Capacitor voltage balancing method,” IEEE Trans. Ind. Electron.,
vol. 60, no. 10, pp. 45254535, Oct. 2013.

[19] J. Mei, B. Xiao, K. Shen, L. M. Tolbert, and J. Y. Xheng, “Modular
multilevel inverter with new modulation method and its application to
photovoltaic grid-connected generator,” IEEE Trans. Power Electron.,
vol. 28, no. 11, pp. 5063-5073, Nov. 2013.

F. Deng and Z. Chen, “A control method for voltage balancing in mod-
ular multilevel converters,” IEEE Trans. Power Electron., vol. 29, no. 1,
pp. 66-76, Jan. 2014.

P. Sai Prasanna, M. Sreedhar, and L. V. S. Kumar, “A review on circulating
current suppression control, capacitor voltage balancing and fault analysis
of modular multilevel converters,” in Proc. Int. Conf. Elect., Electron.,
Signals, Commun. Optim., Jan. 24-25, 2015, pp. 1-6.

[14]

[15]

[17]

[18]

[20]

[21]

Sreedhar Madichetty was born in Andhra Pradesh,
India. He received the bachelor’s degree in electri-
cal engineering from Jawaharlal Nehru Technolog-
ical University, Hyderabad, India, in 2010, and the
master’s degree in power electronics and drives from
KIIT University, Bhubaneswar, India, in 2012. He
received the Ph.D. degree in electrical engineering
from KIIT University, India, in 2015.

He is currently with Birla Institute of Technology
and Science Pilani, Pilani, India. His research inter-
ests include power electronics application in power
system, power system stability and control, electrical machines, simulation and
control of power system, renewable energy applications, and grid integration.
He had authored 15 peer reviewed research articles.

Dr. Madichetty received the Medal for best performances in Masters and
Scholatic Award for his research. He is a Member of Association of Computers,
Electrical & Electronics Engineers, Indian Society for Technical Education, and
International Association of Engineers.

Abhijit Dasgupta (M’ 13) received the Graduate de-
gree in electrical engineering from Regional Engi-
neering College, Durgapur, India (NIT, Durgapur), in
1977. He received the Post-Graduate degree in power
electronics from IIT, Kanpur, India, in 1980.

He has worked in industry for 21 years. Since
2004, he has been a Professor with the School of Elec-
trical Engineering, KIIT University, Bhubaneshwar,
India. His research interests include power electron-
ics, industrial electronics, digital control of electric
drives, automatic generation control, and implemen-
tation of new optimization techniques.

6121

Sambeet Mishra (S’13) was born in Odisha, India.
He received the bachelor’s degree in electrical engi-
neering, and the master’s degree with a specialization
of power and energy system from KIIT University, in
2010 and 2013, respectively.

His research interests include the sphere of hybrid
renewable energy system, power electronics, and soft
computing application in power system.

Mr. Mishra is a Member of Institution of Engi-
neers, India.

Chinmoy Kumar Panigrahi born on January 6,
1967, at Balasore, Orissa. He received the B.Tech.
and M.Tech. degrees from Sambalpur University,
Sambalpur, Orissa, India, in 1990 and 1997, re-
spectively. He received the Ph.D. degree from
Jadavpur University, Kolkata, West Bengal, India, in
2007.

He has a teaching experience of 20 years and re-
search experience of 5 years. He is currently the Pro-
fessor and Dean of the School of Electrical Engineer-
ing, KIIT University, Bhubaneswar, Odisha, India.
His research interests include power system operation and control, renewable
energy systems, and soft computing techniques. Six Ph.D. scholars obtained
Ph.D. degree under his guidance and ten number of Scholars are working at
present. He guided 32 M.Tech. Scholars till date. He has published many papers
in referred journals and conferences.

Dr. Panigrahi is an Active Member of different professional society.

Ghouse Basha received the B.Tech. degree in elec-
trical and electronics engineering, in 2010, and the
M.Tech. degree in electrical power systems from
Jawaharlal Nehru Technological University, Anan-
tapur, Andhra Pradesh, India, in 2012.

He is currently an Assistant Professor in the De-
partment of Electrical and Electronics Engineering,
Annamacharya Institute of Technology and Sciences,
Kadapa, Andhra Pradesh, India. His current research
interests include power system planning and analy-
sis, AGC, application of Al and power electronics to
power system operation and control, and modular multilevel converters.




<<
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


