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Abstract: - Control methods for novel modular multilevel converter (MMC) were studied and applied to
voltage source converter based HVDC (VSC-HVDC) for offshore wind farm. The system output characteristics
under different modulation methods were analyzed. Different balancing control methods of sub-module (SM)
capacitor voltage were designed for n+1 and 2n+1 level output respectively, then the generation principles of
2n +1 level were described in detail. Two DC output ways for MMC which are with and without additional DC
capacitors were compared. The simulation results showed that the 2n+1 MMC with additional DC capacitors
had better performance and was more suitable for VSC-HVDC system. Meanwhile, the strategy of virtual flux
direct power control (VF-DPC) was applied for MMC focusing on the power estimation method of this
topology. The control method designed in this paper was compared with the traditional strategy of double
closed loop vector control and the results showed that the control system of this paper possessed better dynamic
response. Finally, MATLAB was used for testing under various conditions, the results show that the designed
method is correct and effective.
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1 Introduction offshore wind power, how to connect the wind farm
and grid has become critical issue.
Energy and environment are today’s urgent In recent years, the te_chnology of offshore wind
problems to be solved for human survival and farms connecting to grid has become one of the
development. Conventional energy sources based on research focuses of scholars, mainly focusing on
coal, oil, and natural gas are not only limited and VSC converter control algorithms and topology. In
cause serious environmental pollution. Currently, aspects of control algorithms, the direct power
renewable energy, particularly development and control (DPC) has been paid more and more
utilization of wind power, has been the world's attention because of its good dynamic performance
attention and policy support. There are rich wind and simple structure [2-3]. In [4]-[5], the concept of
energy resources on offshore wind farm, fast air virtual flux is introduced for DPC, ehmmatmg the
flow and more fully wind energy utilization, so its AC voltage sensor, and the coordinate
energy gain is higher than the land-based wind transfor_mation is based on virtual flux oriented
farm’s. And there many favorable factors such as no which improves the system robustness. In [6]-[8],
impact on natural landscape, noise away from prediction direct power control (P-DPC) is
residential area, and little disturbance and so on. The proposed. The optimal control vector is selected
focus of wind farm construction will be gradually according to the extreme conditions of objective
transferred to the sea from the inland, and the function, which makes switching frequency fixed,
deve|0pment space is border. Near|y 20 years, system implementation and filter design Co_nvenient.
developed countries have made great achievements In [9], fuzzy control and DPC are combined. The
in the offshore wind farm construction. There were fuzzy controller is instead of hysteresis in
12 countries who had built offshore wind farm in conventional DPC, to achieve smooth power
worldwide by the end of 2010 and ten of them are in control. In aspects of topology, the traditional two or

Europe. Total installed capacity of offshore wind three-level topology used for VSC-HVDC needs to
farm is 2.11GW [1]_ With the rapid deve'opment of Satley that mUItlpIe IGBTSs in series d|reCt|y turn on
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or off simultaneously, which is difficult to achieve,
and the problems such as dynamic voltage balancing
of switches are difficulties in engineering practice.
The modular multi-level converter (MMC) proposed
by the German scholar solves the above problems
effectively. It provides a common DC side, easier to
achieve back-to-back connection, so it is suitable for
VSC-HVDC system. Both the “Trans Bay Cable
Project” of United States constructed by Siemens
and the project of Shanghai Dong Hai Bridge
100MW offshore wind farm connecting to grid
constructed by Chinese Electric Power Research
Institute (EPRI) are carried out based on MMC.
However, the problems of sub-modules (SMs)
capacitor voltage balancing and circulating current
restraining between phases and DC side are the
difficulties. In [10] the generation mechanism of
circulating current within the converter is analyzed
and its expression is given out. In [11] several PWM
trigger methods are applied to MMC and their
performance is compared and analyzed. In [12]
control mode based on Pl regulators is proposed and
balance component is added to the reference signals
of each sub-module (SM) and phase for the purpose
of suppressing circulating current and balancing
capacitor voltage. In [13]-[14] the equivalent circuit
of MMC is established. Open-loop and closed-loop
control method is put forward to control capacitor
voltage balance between arms based on the view of
arm power balancing. In [15]-[16] MMC is applied
to VSC-HVDC system, and the method of capacitor
voltage sorting is proposed for SMs voltage
balancing control within one arm.

In this paper, the strategy of DPC is combined
with MMC applied for VSC-HVDC of offshore
wind farm. In Section Il, the system structure is
introduced. In Section 111, two kinds trigger methods
and their capacitors voltage balancing strategy are
introduced. In Section IV, the virtual flux direct
power controller is designed based on the
mathematical model of VSC-HVDC system, mainly
solving the problem of power estimation in MMC.
Finally, in Section V, the simulation software
MATLAB/SIMULINK is used to design 20 MVA
VSC-HVDC system and compare with the strategy
of traditional double closed loop vector control for
verifying correctness and superiority of the designed
control system..

2 VSC-HVDC for offshore wind farm
and principles of MMC

Typical system of offshore wind farm connecting to
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grid is shown in Fig. 1(a), in which P, and Q, are

the active and reactive power absorbed by the MMC
of wind farm side and P,. is DC transmission

power of the system. Uy =Uy, are DC side voltage of
the converters. T; and T, are transformers of wind
farm side and the grid side respectively. The
converters of two ends are all MMC, which are
symmetrical, showed in Fig. 1(b). Phase U, V, and
W are composed of six arms in total. Each phase
consists of two stacks of multiple bidirectional
cascaded sub-modules(SMs), n SMs in each arm,
and two non-coupled buffer inductors L, which are
mainly used to suppress the circulating current
between the phase legs and the DC link (or parallel
phase legs). Each SM consists of a DC capacitor and
two semiconductor switches with anti-parallel
diodes that form a bidirectional chopper. Each SM
can produce a two-level output voltage. When the
upper IGBT (IGBTL1) is switched on while the lower
one (IGBT2) is switched off, SM terminal voltage
Usw is equal to capacitor voltage U, within the SM
and this state is named on-state, denoted with the
switching function S;, =1 (j=1~8, p=u,v,w). When
IGBT2 is switched on while the IGBT1 is switched

off, Usy =0, this state is named off-state and
donated with Sip=0.

Attention is paid to the U-phase SMs because the
operating principle is identical among the three legs.
The following circuit equation exists in Fig. 1(b)
based on KVL (Kirchhoff’s voltage law)

2n
d . .
Ve :Zvju+|d_(|pu+|nu) (1)
= t

where Vg is DC voltage, v;, is an output voltage of

the U-phase SM numbered j, | is inductance value

of a buffer inductance L, i,, and i,, are upper- and

lower-arm currents, respectively, and n is the
number of SMs in each arm. The circulating current
i,, along the U-phase DC loop can be defined as (2)

and the other two phases (V, W) are similar.
{ipu =i, /2+i,,
=

. 1. .
lu :E(Ipu +ipy)

=—i, /2+i

nu u Zu

MMC MMO

offshore wind farm arid side

(a) Offshore wind farm connecting to grid based on
VSC-HVDC
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(b) Topology of MMC
Fig.1- System structure for offshore wind farm
integration based on MMC-based VSC-HVDC

3 Trigger method of N+1 and 2N+1
level MMC and balancing control of
capacitor voltage

3.1 Trigger Method of n+1 Level MMC

The structure of n+1 level MMC is shown in Fig.
1(b), not including the two capacitors C; and C, in
dashed box. There are n SMs in each arm and the
number of output level is n+1. Phase U, for
example, assume that its upper and lower arms are
composed of 8 SMs in series in total, namely that
2n=8. Phase-disposition SPWM (PD-SPWM)
strategy is used for trigger pulses generating. There
are four high-frequency triangular waveforms as
carriers for upper and lower arms. They are
compared with reference signal being from control
system to generate trigger pulses for each SM. The
triangular waveforms have a maximal value of 0.25
and a minimal value of zero with the same
frequency, in phase stacking and uniform
distribution between 0 and 1 shown in Fig. 2, where

u; is upper arm reference signal and trl~tr4 are

carrier waveforms.
The trigger pulses generation method of upper
arms is as follows. In Fig. 2, the pulses p1, p3, p5,

p7 generated by comparing u’; with trl~tr4 are for

IGBT1s of SMs in upper arms. One triangular
waveform corresponds to a SM, in which the upper
and lower IGBTS turn on and off complementary to
each other. So the trigger pulses of IGBT2s in upper
arms can be obtained by negation operation and
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named p2, p4, p6, p8 respectively. When reference
signal is greater than the triangular carriers, the
pulse sequence is (1 0) which turn on the upper
IGBT and turn off the lower one in a SM. It is on-
state, and on the contrary is off-state. In one PWM
cycle ty~ty;, shown in Fig. 2, there are three

triangular waves are covered by u’; , one is

intersecting with u’;, which shows that three SMs

are on state and one SM is PWM state during this
Towm and the switch state during other PWM periods
can be analyzed like this.

The trigger pulses generation method of lower
arms is as follows. If the number of SMs with on
state in each phase is unequal at a certain time, there
will be circulating current and active power flowing
between the phase leg and the DC link (or parallel
phase legs), which can cause the capacitor voltages
in SMs of each phase large fluctuations. To avoid
this situation, the total number SMs with on state in
each phase should be constant. Namely, if a SM
becomes on-state in upper arm, there must be a SM
in lower arm becoming off-state for keeping the
total number of SMs with on state in each phase is
constant "%, So we can invert the state of upper arm
SMs and obtain the pulses p'1~p’8 for lower arm
shown in Fig. 2 which can keep the number of SMs
with on-state of each phase is a constant n at any
time. And for the MMC, each phase being
composed of 2n SMs, the output voltage is n+1 level
using the above modulation method.

3.2 n+l MMC Balancing Strategy of
Capacitor Voltage

The method of capacitor voltages sorting as follows
is adopted for balancing the voltages of SM in one
arm ™! Trigger pulses of all SMs have been able to
be determined based on the above PD-SPWM
strategy. Then trigger pulses will be allocated to
each SM according to the sorting result of capacitor
voltage, to ensure the capacitor voltage balancing
within each arm. Phase U for example, for arbitrary

reference signal u;, the duty cycle of trigger pulses

corresponding to each group triangular wave exists
the following relationship: Dys >Dys >Dyo>Dyy,
where Dyj(j=1~4) is the duty cycle of trigger pulses
during one PWM period. If the triangle wave is
covered by the reference signal completely, the duty
cycle is 1. During one PWM period, when the arm
current i,,>0, the SMs are sorted in ascending order
according to SMs capacitor voltages of each arm,
and receive the trigger pulses corresponding to trl ~
tr4, which can keep the SM of lowest voltage have
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the largest duty cycle for on-state and the maximum
charge time. So the capacitor voltage of this SM has
the largest increasing and can be consistent with the
other SMs’. On the contrary, when the arm current
i,,<0, the SMs are sorted in descending order
according to SM capacitor voltages of each arm, so
that the SM with highest capacitor voltage has the
maximum discharge time. Distribution method of
trigger pulse for lower arms is similar with the
upper ones. But the order of arrangement for duty
cycle is contrary to the upper arms’, namely,
Dys<Dy7<Dye<Dys. Finally, trigger pulses are
distributed according to lower arm current iy, and
the sorting result of lower arm capacitor voltages.
All the above can be completed by the blocks of
voltage sorting and trigger pulses distribution shown
in Fig. 2, which can maintain the capacitor voltages
consistent in one arm.

Pulse of SM1~4 ulse of SM5-8
h— Trigger pulse Trigzer pulse
PI-p8 | istribution distribution |P'1~P'8
Sequence number of T T Sequence number of
module in upper arm module in lower arm
Voltage sorting WVoltage sorting
wheni, =0, vi~vgSorted | | wheni, =0, vs,~vg,Sorted
in ascending order; in descending order;
wheni,, <0, vy~vgSorted | | wheniy, <0, vs~vgSorted
in descending order; in ascending order;
1 1 1
buu

V™V

fpu Viu=Vau
Fig.2- Generation principle of multi-carrier trigger pulse
for n+1 level MMC

3.3 Trigger Method of 2n+1 Level MMC

Changing the generation method of trigger pulses, it
can increase the number of MMC output level to
2n+1. But the number of SMs with on-state is no
longer a constant, which will increase the circulating
current. Therefore, additional capacitors are
installed for DC link of MMC and keep DC voltage
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stable, shown in Fig. 1(b) C; and C, in dashed box.

The method of PD-SPWM s still adopted for
trigger pulses generation, but different from the
aforementioned. Different reference signals are used
for upper and lower arms, u, being for upper arm
and u, for lower arm, which are anti-phase, shown
in Fig 3(a). up, u, are compared with the carriers trl
~ tr4 respectively for trigger pulses generation and
the generating logic is the same as the
aforementioned. From Fig. 3(a), the number of SMs
with on-state in each phase is not constant, so the
number of output voltage level can increase. But the
circulating current will exist between the phase leg
and the DC link (or parallel phase legs). Phase U for
example, AC output for the mid-point of O is 9-
level (2n +1) waveform, described in detail as
follows:

(1) If there are four SMs with on-state in upper
arm and one with off-state in lower arm shown as
area (1) in Fig. 3(a), voltage between the point of P

and N is %VdCXS with the assumption that the

capacitor voltages of SMs are constant being %Vdc

in one switching cycle. The circulating current
existing between the phase leg and the DC link (or
parallel phase legs) can be equivalent as load current
of phase U and assuming the equivalent load
resistance is R1 and R2. So the equivalent circuit of
phase U under the above condition can be shown as
part (1) in Fig. 3(b). The upper and lower arms are
symmetrical, namely R;=R,, then

UR1=UR2=0.5><%VdC><N 3)

where Ug, and Uy, are the voltage of equivalent

load resistance and N is the number of SMs with on-
state in phase U at current time. Then the voltage
between points of ac and O can be expressed as:

5 3

1
uacO = ZVdC x4-0.5 XZVdC = ngc (4&)

(2) If there are two SMs with on-state in upper
arm and one with off-state in lower arm shown as
area (2) in Fig. 3(a), the equivalent circuit of phase
U can be shown as part (2) in Fig. 3(b), then

3 1

1
Uaco = ZVdc x2-0.5 XZVdC = ngC (4b)

(3) If there are one SM with on-state in upper
arm and three with off-state in lower arm shown as
area (3) in Fig. 3(a), the equivalent circuit of phase
U can be shown as part (3) in Fig. 3(b), then
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1 1
Uaco = Zvdc - 0'5XVdc = _Zvdc (4C)

(4) If there are one SM with on-state in upper
arm and four with off-state in lower arm shown as
area (4) in Fig. 3(a), the equivalent circuit of phase
U can be shown as part (4) in Fig. 3(b), then

1 5 3

Uaco = Zvdc -0.5x Zvdc = _gvdc (4d)

The generating principle of other output levels is
similar with the above, not repeating.

tri

0.75 {r

0.5 I

0.25

1
|
|
[
|
| I
|
1
|
I
[l

)

(1)

(2) (3)
(b) The equivalent circuit of area (1)-(4)
Fig.3- Method of multi-carrier PD-SPWM and
equivalent circuit of MMC

34 2n+l MMC Balancing Strategy of
Capacitor voltage

For the balancing control of capacitor voltage within
the same arm, the method of capacitor voltage
sorting can keep the voltages of SMs being nearly
consistent. However, because of the number of SMs
with on-state in each phase being not constant, the
arm currents contain circulating components
i, (P=U, V, W) (i, is shown in Fig. 1(b)). The

circulating currents i,, will cause large fluctuation

of arm voltage and increase the RMS value of the
current, thus increasing the losses. Apart from
increasing the rating of the components used in the
MMC, this current, if left uncontrolled, may create
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unbalance and disturbance during transient . So,
appropriate adjusting components should be added
to reference signals for weakening the impact of
circulating current. Symmetrical three-phase load
being assumed and only considering the affects
caused by circulating current, voltage equation of
DC loop for phase U is:

di

2n
1
Vdc_zvju =2L dztu ®)
j=1
From (5), the transfer function between

circulation i,, and the capacitor voltage is the first-
order link, so proportional integral (PI) regulator can
be used for obtaining reference value of circulation,

i,, shown in (6).

*

2n 2n

izu Kplu (Vdc _Zvju)+ KiluINdc _Zvju )dt (6)
j=1 j=1

where Ky, and Kj,, are proportional and integral

coefficients. The relationship between capacitor

duave

, where Cym 1S

voltage and current is i,, =C,p

series equivalent capacitance of phase U and U,y IS
the average of capacitor voltages. So the control
guantity for average value of capacitor voltage in
phase U can be expressed as:

Uave = Kp2u (i:u _izu)+ KiZUJ.(i:u _izu )dt (7)
The control method of the other two phases is
same with phase U. From the above, the control

structure for average voltage of SMs is shown as
Fig. 4, where uj, is the voltage reference signal

from converter control system [ (the follow-up
DPC algorithm). Then average value control
quantity u,. is added into the reference value u;y

being as the final voltage reference signal uy, which
is sent to the voltage sorting block for trigger pulses
generation and distribution.

Triangular wave

*

Uaye Uref | Voltage |pulses
[PT] +T - sorting
I
ref owina  Viu

Fig.4- Generation principle of multi-carrier trigger pulses

4 Control strategy of VSC-HVDC for
offshore wind farm based on virtual
flux DPC
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4.1 Principle of Virtual Flux

The concept of "virtual flux" is result from "virtual
motor". The power source of grid and wind farm
side can be seen as a virtual AC "motor"”, grid side
for example, shown as the part of dotted line in Fig.
5, where Ry, L can be seen as stator resistance and
inductance of virtual motor, C is DC capacitor, Us,
Ush, and ug. are grid voltages, i,, iy, and i; are grid
current, u'y, U, and u'. are AC voltages of
converter, Uy, and ug and ug are the voltages of
point A, B, and C (A’, B', and C"), respectively I,

L

e -
] - — DC side
SM M M
I-n I-n I-n
'
'
H 18, it e c
-1 L rls

o T -
Fig. 5- Principle of virtual flux base on MMC
The grid voltage is generated by the virtual flux
of electromagnetic induction, so it satisfies:

d
l?s :|:\Psa:|_ _[usa t

\Psﬂ - J'Usﬂdt

8

where W is virtual flux vector to produce AC
voltage of converter and its components on « - and
B -axis of two-phase stationary coordinate system

are ¥, and ¥,. u, and uy, are the grid voltage

of « - p coordinate. The relationship between the

above vectors are shown in Fig. 6 @ where
synthesizing vector of grid voltage leads virtual flux
vector 90° and both of them rotate with synchronous
angular speed @ . The direction of us is consistent
with d-axis of synchronous rotating reference frame.
The angle between ¥, and « -axis is y,,. i. and u,

are the synthesis vector of three-phases AC current
and voltage of converter, respectively. u, is the
voltage vector of reactor Ly, L;. From formula of
equivalent coordinate transformation, the AC
voltage Uy, Ur, Uy OF converter can be transformed
to « - B coordinate. Then virtual flux vector and its

spatial position angle can be expressed as (9) and
(20), respectively.
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@ Ura —Upp — urc))dt + Leq 'iLa

— 1
Y, = J.(%
q’sﬂ = J.(%(urb —U))dt+ Ly -i g

(9)
¥,

S
Y +¥
sa sp
ra

/‘Pi + ‘Pfﬂ
(10)

where L¢q is equivalent reactance of converter AC
side, including two parts L, and L;, and they are
parallel "%, namely that the potential of points A and
A'is equal. So:

1
Leq :L0+EL1

where u,;, Um, and u, can be obtained from SMs
capacitor voltages and the corresponding switching
function. Phase U for example, through the above
analysis of area (1) - (4) in Fig. 3, the following
rules can be obtained: Assuming there are 2n SMs
in upper and lower arms of phase U and each SM
capacitor voltage is V, /n at steady-state, then the
potential of point A(A’) decreases V, /n, when there
is a SM in upper arm to be on-state. On the contrary,
the potential of point A(A’) increases V,,/n, when
there is a SM in upper arm to be off-state. The
characteristics of lower arms are opposite with the
upper ones. The potential of point A(A") increases
V,./n when there is a SM in lower arm to be on-
state and on the contrary, it decreases. So the

potential u,, of point A in phase U of converter can
be expressed as:

n
Uy = _Zvju 'Sju +
i1

where S, is the switching function of phase U for
each SM. The calculation method of the other
phases is the same as phase U.

ﬁl\

COS ¥ =

(11)

(12)

2n
2 Vie Sy

j=n+1

7 ws
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Fig.6- Reference coordinates and vectors
The relationship between grid voltage flux W,

and converter flux ¥, is as (13) according to
voltage relationship us = u,+up.
Y=L, +¥, (13)

eq L
From the instantaneous power theory and the
integral relationship between voltage and flux, it can
be derived that there are the relationship as (14)
between the power, flux, and AC current T,

p - (\Psas,ﬁ'
q=w- (Y, +¥i,)

where p and g are input active and reactive power of
the converter.

From (14), the power feedback can be calculated
from the virtual flux and the rotating coordinate
transformation can be oriented by flux. So the AC
voltage sensor of grid side can be eliminated. From
(9), flux calculation contains pure integrator and its
low-pass characteristics can improve anti-
interference performance of the system. However,
the initial of integration for actual application is
difficult to determine and system performance

2-w,
(s+a,)°
is used instead of pure integration ™ whose
amplitude and phase frequency characteristics are
similar to the pure integrator, and «, is system

angular frequency.

sﬁ sa ) (14)

Sa Sa

degrades. In this paper, the second order

4.2 Control Structure of VSC-HVDC Based
on VF-DPC

The structure of wind farm side or grid side
converter is shown as Fig. 5. Ignoring the impact of
equivalent resistance Ry, in two-phase synchronous
rotating d-g coordinate system to establish the
mathematical model is as (15):

dig

e dst =Ugy — Uy + oLy, 5
di

Leqd—iq:uSq Upq — @Lggigy

where Ugg and Usg, isq and isq, Urg and U are grid side
voltage, current, and arm voltage of converter. From
Fig. 6 the grid voltage synthesizing vector coincides
with d-axis, so u,=0. Equation (15) multiplies with
the ug at both sides and get:
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Leq%:uszd —Upg ~Ug _a)Leqq

‘ (16)
eq g =Uy, - Ug +a)Leqp

dt

where the active power p and the reactive g can be
obtained form (15). The (16) shows that the order of
the controlled object is 1, so PI controllers can be
used for controlling the active and reactive power to
track the given values. For the converter of grid
side, PI regulator of outer DC voltage loop should
be added for controlling the DC voltage of the
system, constituting the double closed-loop structure
with voltage loop as the outer one and the power
loop as the inner one. The dg-axis variables of inner
power loop are coupled with each other, which
brings difficulty for the controller designing, so the
control strategy of feed-forward decoupling is used.
Feedback value of power and phase information of
flux can be obtained by the estimation method
mentioned above. Output of power loop regulator is
the reference of voltage vector. Then the control
guantities Uy, Um, and u, under three-phase
stationary coordinate system can be obtained by
inverse transformation from d-q to a-b-c coordinate
according to the phase information of flux. Finally,
the above method in section two and three is used to
generate trigger pulses for SMs of each arm. For the
converter of wind farm side, the Pl controllers are
used to regulate the active and reactive power
transformed by the system and control strategy of
feed-forward decoupling, the same before, is used
for its power loop. To sum up, the control principle
of the whole system can be shown as Fig. 7.

In Fig. 7 Zs is AC system impedance. i,, . are

the AC currents of grid. p, g and p",q" are the

actual and given values of active and reactive power.

Ug , Uy are the reference signals of two-phase

rotating coordinate being from the direct power
controller, which are transformed to u/ and

ref 1 ref ’

wi; Dby dg-abc block being voltage reference

signals of three-phase stationary coordinate. The
final voltage control signals of converter U, Vi,
W, are obtained by adding uje , Vier , Wier @Nd Usgye,

Vave, Wae Which are the output of control block for
capacitor voltage average value. i and

pu,v,w ? nuvwv
Viuvw are the upper and lower arm currents and

capacitor voltages of SMs. The meaning of other
variables of Fig. 7 is the same as above. The
structure and corresponding variable meaning of
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converters at both ends are symmetrical.

5 System simulation and analysis

Wind farm side

Xingwu Yang, Guogiang Wang

5.1 Comparation of n+l and 2n+1 Level

MMC

First, converter of wind farm side for example,

simulation comparison is carried out for the two

different trigger methods of MMC. Main simulation
Grid side

1

4
] - I’ECJ_C]_

-]

; Fhes

< 1_..;u,v,w
< frm,v,w

MMC
Triggering pulse

T
Virtual flux and
power calculation

(10),(11)

v —

S

v
Juv W »

s

Power control loop

-1
Ty v

e

ht— Viuw
‘ MMC i
Triggering pulse N
TA AT

I 0,V W "y
u' Virtual flux and

e .
power calculation

(10),(11)

""}Lf

<—1}1’1,»‘,1»?

-
"_’Sju,v,w

ey

v Y

o

Power control loop

Fig.7 Principle of VF-DPC for offshore wind farm connecting to grid based on MMC

parameters are as follows: a system power of
20MW, a DC-link voltage of £35 kV, a line voltage
RMS value of 35 kV, input resistance for converter
of 4.8mH, SM capacitors of 1900 xF , circulation

suppression reactors between upper and lower arms
of 3mH, triangular waveforms frequency of 2 kHz
and a stack of 4 cascaded SMs per arm. For the
2n+1 level MMC 1500 xF capacitors are added for

DC link of the converters. The VF-DPC strategy is
used and the converter of wind farm side operates
with PWM rectifier state. DC power transmission
cable and converter of grid side are equivalent with
load resistance. At t=1s, the reference value of DC
voltage step changes from 2pu (70kV) to 2.5pu
(87.5kV). For the n+1 level MMC, the simulation
results are shown in Fig. 8: (1) AC voltage and
current of phase U in wind farm side are in phase in
steady state shown in Fig. (8a), which shows that
power factor is 1. (2) The 5-level PWM waveform
at AC side of converter in steady state is shown in
Fig. 8(b). (3) The capacitor voltages of the eight
SMs in phase U is shown in Fig. 8(c) and its
magnified curve during step response is shown in
Fig. 8(d). From this figure, DC capacitor voltage
fluctuation of n+1 level MMC is limited to less than
3kV by the method of voltage sorting. The
simulation results of 2n+1 level MMC are shown in
Fig. 9: (1) AC voltage and current for phase U of
converter are shown in Fig. 9(a). The current curve
is smoother than the one in Fig. 8(a) because of the
number of output level increasing. (2) The 9-level
PWM waveform at AC side of converter in steady
state is shown in Fig. 9(b). Comparing with Fig.
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8(b), the number of output level increases to 9 (2n
+1) and the output waveforms are more regular. (3)
The capacitor voltages of SMs and their magnified
curve during step response in phase U is shown in
Fig. 9(c) and (d), respectively. Comparing with Fig.
8(c) and (d), fluctuation of DC capacitor voltage is
reduced significantly (less than 1 kV). (4) The step
response of DC voltage is shown in Fig. 9(e), where
Vdcl is the output of 2n+1 level MMC and Vdc2 is
the output of n+1 level MMC. Dynamic response
performance of the two curves are almost the same,
but voltage fluctuation of the former one (Vdcl) is
smaller than the latter. Through the above
comparison and analysis, the trigger method of 2n+1
level MMC designed in this paper can obtain better
performance. Therefore, further simulation research
on VSC-HVDC for offshore wind farm connecting
to grid based on this method is carried out.

5.2 Simulation of MMC-Based VSC-HVDC
for Offshore Wind Farm

Simulation model of VSC-HVDC system based on
MMC is set up according to the control structure
shown in Fig. 7. The DC voltage is controlled by
converter wind farm side and active power is
controlled by converter of grid side. System
capacity and voltage level are the same as above
mentioned (20MVA, 35 kV). The control algorithm
of VF-DPC is used for converters at both ends. Each
arm consists of 4 cascaded SMs, the number of
output levels are 2n+1=9. In this paper, the number
of cascaded SMs is small considering the limitation

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on SYSTEMS

of simulation speed. The number of SMs in each
arm can be increased according to capacity of actual
system, and control principle is the same as the
foregoing one. DC lines are modeled by T-type
equivalent circuit in which the equivalent resistor,
inductor, and capacitor of wunit length are
0.0139 Q /km, 0.159mH/km, and 0.231nF/km,
respectively and the length is set 50km. For
comparison, the simulation model of MMC based
VSC-HVDC using double closed-loop vector
control strategy is built and the parameters of PI
regulators for wind farm side and grid side are
showed in Tab. 1. The parameters of PI regulators
for control strategy of VF-DPC is shown in Tab. 2
First of all, the situation of output power
fluctuation at wind farm side is considered. The
given value of reactive power is zero. DC capacitors
are pre-charged to 47 kV (1.35U4, Us is line voltage
RMS of AC system). After starting, the output
power of wind farm step changes from 0.65pu to
0.95pu at t=1s for testing system performance of
dynamic response. The output response curves are
shown in Fig. 10: (1) the response of DC voltages is
shown in Fig. 10(a), where Vdcl is the output of
DPC algorithm and Vdc2 is the output of double
closed-loop vector control algorithm. The dynamic
performance of Vdcl s better than Vdc2
significantly. The DC voltage has very small
fluctuation when the output power of wind farm step
changes and therefore the system dynamic
performance is satisfactory. (2) AC voltage and
current of phase U at wind farm side and grid side
are in phase and opposed phase in steady state
shown in Fig. 10(b) and (c), respectively. They
show that power factor is 1. The multilevel structure

Table 1- Parameters of regulators for double closed-loop
vector control system

regulator proportion integral upper lower

limit  limit

grid DC 35.5 106.5 3 -3
side voltage

reactive 30.5 35 15 -1.5
power

d-axis 0.6 6 2.5 -2.5
current

g-axis 0.6 6 2.5 -2.5
current

. active 20 60 1.5 -1.5

wind

power

E-ISSN: 2224-2678

427

Xingwu Yang, Guogiang Wang

farm reactive 3 3 1.2 -1.2
side power
d-axis 0.6 6 2.5 -25
current
g-axis 0.6 6 25 -2.5
current

Table 2-Parameters of regulators VF-DPC system

regulator proportion integral upper lower
limit  limit
. DC
grid voltage 8.5 105 25 -25
side
reactive 3 21 15 15
power
active 0.75 27 25 25
power
wind ~ reactive 3 27 15 15
power
farm
. active 60 25 25
side power

is used and its equivalent switch frequency is high
(8f=16kHz, f. is frequency of triangular carrier
waveform), so the current waveform is approximate
smooth sine wave without passive filters. (3) Active
and reactive power are shown in Fig. 10(d), where
P’, Q' are obtained by computation with the
measurement value of AC voltage and current, and
P, Q are the estimated value by (9)-(14). They are
almost overlapped with each other respectively in
steady state. It is shown that the power estimation
method for MMC designed in this paper is
sufficiently —precise. Because the numerical
difference between active and reactive power is
large, per unit (p.u.) value is used in Fig. 10(d) (p.u.
the system with phase voltage peak value 28.6 kV,
system capacity 20 MVA). (4) The multilevel PWM
waveforms of wind farm side converter are shown
in Fig. 10(e). Each arm is composed of eight SMs
and output voltage is 9-level. (5) Capacitor voltages
of SMs in phase U are presented in Fig. 10(f) and its
magnified curve during step response is shown in
Fig. 10(g). The capacitor voltages within the same
arm are almost equal with each other at any time
(Vcl~Vc4 for upper arm and Vc5~Vc8 for lower
one), which are periodical fluctuant with the
frequency of 100Hz (the same as the frequency of
circulating current i, ). Fluctuation of capacitor

voltage during step response is small enough which
shows that the performance of the strategy designed
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in this paper is satisfactory.

Converter itself can absorb or emit some reactive
power, so reactive compensation devices are not
needed, which can reduce the weight of equipment
and the size of offshore platform. The reactive
power step changes from Opu to 0.6pu at t=1s and
the simulation results are shown in Fig. 11: (1) The
impact on DC voltage induced by step change of
reactive power is small shown in Fig. 11(a). (2)
Voltage and current waveforms for phase U of wind
farm side stagger some phase after t=1s shown in
Fig. 11(b). Some reactive power for supporting AC
system can be provided by the converter. (3) Active
and reactive power are shown in Fig. 11(c). (4) The
voltage of converter AC side (9-level PWM
waveforms of three phases) is shown in Fig. 11(d)
and the modulation index M is shown in Fig. 11(e).
The reactive power increases and M is decreases, so
number of triangular carriers covered by the
reference signal and output voltage level are
decreased. However, this has little effect on quality
of multi-level waveforms. (5) Capacitor voltages of
the eight SMs in phase U shown in Fig. 11(f). The
total output power increases induced by the step
increasing of reactive, so the fluctuation of capacitor
voltages increases slightly during reactive power
step changing, but doesn’t affect system operation.
Transient process is common in power system, for
example three-phase short circuit, short circuit to
ground and so on. It is essential for VSC-HVDC
system to have the ability of anti-interference,
especially used for offshore wind farm. The fault of
three-phase short circuit to ground starts at t=1s and
continues for 0.12s at grid side. The response curves
are shown in Fig. 12: (1) DC voltage can track the
given value at about 0.6s after recovery shown in
Fig. 12(a), where Vdcl is the response of DPC
controller and Vdc2 is of double closed-loop vector
control strategy. The overshoot of Vdcl is less than
Vdc2. It is proved that dynamic performance of
DPC is better than vector control, again. (2)
Capacitor voltages of phase U at grid side are shown
in Fig. 12(b). The voltages increase less than 30%
and numerical difference of SM voltage between
upper and lower arms is about 5kV (7.1%Vdc)
during the transient. (3) Active and reactive power
of grid-side converter (fault side) is shown in Fig.
12(c) and track the given value at about 0.7s after
recovery. There are overshoot and oscillations
occurrence during the transient and dual vector or
other control strategies can be used for suppressing
the overshoot M8 but it exceeds the field of this

paper.
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6 Conclusion

Based on MMC topology, simulation research of
VSC-HVDC for offshore wind farm is carried out.
Technology of multi-carrier PD-SPWM is used for
generating trigger pulses of converter SMs. For
different modulation method of MMC (n+1 and
2n+1l level MMC), different control strategies
(capacitance-voltage sorting and adding balance
component to reference signal) for voltage
balancing are adopted, respectively. At the same
time the additional DC capacitors are used for DC
link to improve the performance of DC voltage and
reduce its fluctuations. Simulation results show that
2n+1 level MMC with additional DC capacitors
possessing more excellent dynamic and static
performances.

To improve the system dynamic performance,
the strategy of VF-DPC is used for MMC-based
VSC-HVDC. Active and reactive power can be
controlled independently and current waveform is
smooth, closing to sine wave, without passive
filters. The phase-locked loop (PLL) is replaced by
virtual flux-oriented to achieve synchronization with
grid voltage, eliminating the AC voltage sensor of
grid and with the advantages of cost savings,
improving the performance of anti-interference.
Power and virtual flux estimation algorithms for the
MMC are designed and by comparing with actual
power shows the precision of power estimation
algorithm is high. Finally, the performances of
system response under various conditions are
simulated and compared with traditional strategy of
double closed-loop vector control. The results show
that the MMC-based VSC-HVDC system designed
in this paper possesses more excellent performance

1000 , ,

500

Ua(¥),la(A)

-500

-1000 L L
16 |
t(s)

(a) AC system voltage, current response of phase U for
grid side

Issue 9, Volume 12, September 2013



wlu~wiuV)

Ua(V),la(A)

WSEAS TRANSACTIONS on SYSTEMS Xingwu Yang, Guogiang Wang

Vowm(V)

t(s) ' s)

5
2
=
2
=3
(c) Capacitor voltages of SMs in phase U
w10t
26
5
22 =3 :
:? 1.95 '
= :
= :
18} :
: : : 165 ' | '
14 | | | 0.8 09 1 1.1
gir 09 1 11 12 - e )
(s) (d) Magnified curve of capacitor voltages during step
(d) Magnified curve of capacitor voltages during step response
response
Fig. 8- DC voltage step responses of n+1 level MMC
1000 T T
500
T
| z
]
-500
1000 i i ts)
18 164 . 1.68 172 (e) DC voltage of n+1 and 2n+1 MMC.
(a) AC system voltage, current response of phase U for Fig. 9- DC voltage step responses of 2n+1 level MMC
grid side
429 Issue 9, Volume 12, September 2013

E-ISSN: 2224-2678



WSEAS TRANSACTIONS on SYSTEMS

T T

2 | | |

0 0.5 1 15 2
ts)
(a) DC voltage response of n+1 and 2n+1 MMC-based
VSC-HVDC
800
400

Ua(V), la(A)

-400 f---

0g 095 1 1.05 1.1

t(s)
(b) AC voltage and current responses of phase U for wind
farm side converter

300

Ua(V),la(4)

=
=
=

0.9 0.95 1 1.05 1.1

i)
(c) AC voltage and current responses of phase U for grid
side converter

1.2 ,
P‘L:\
05 Lo S N ]
: P :
B D s ;
e [ R RREEEEEEE e -
- : : :
D45 frmeremmmnmneees Q’t -------------------------------- -
: ! "—iQu
0.2 | | |
0.9 0.95 1 1.05 1.1
- - t(S) - - -
(d) Active and reactive power obtained by estimation and
measurement
E-ISSN: 2224-2678 430

Xingwu Yang, Guogiang Wang

t(s)

V1u- SulV)

05 i I I
0

1.845

1.835

V1wV 83uvy

1825 H

1.815
09 0.95 1 1.05 1.1
- e .
(9) Magnified curve of capacitor voltages during step
response

Fig. 10- Responses of MMC-based VSC-HVDC when
active power step change from wind farm

(s}
(a) DC voltage response

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on SYSTEMS Xingwu Yang, Guogiang Wang

800 T T T T %10
H | ' : 1.85 T T

400

i)
=

UaV),Tala)
V -V §u(i)

A0 - 182

i i i i
-B00 181

092 0.9 1 104 108 112 B3 T6E ; TE .
t(s) 1)
(b) AC voltage and current responses of phase U for wind () Capacitor voltages of SMs in phase U during step
farm side converter response
. Fig. 11- Responses of wind farm side converter when
' § § reactive power step change

V1u-VBulv)

)
(d) PWM waveform of converter in wind farm side

0s | i

during step change of reactive power 0 05 1 15 5
t(s)
o ] (b) SMs capacitor voltages of phase U during step
response in grid side (fault side) converter.
8
LB fmmr oo b -
&
=]
L T -
05 i ‘ ' ; ;
ng 0.95 1 1.05 1.1 1 1
RS ; ;
(e) Modulation index of DP-SPWM ; ;
-8 | I I
0 05 1 15 2

i)
(c) Active and reactive power of grid-side converter

E-ISSN: 2224-2678 431 Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on SYSTEMS

Fig. 12- Responses of MMC-based VSC-HVDC during
transient grid fault.
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