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a b s t r a c t

A high power medium voltage converter for wind turbine system is presented in this paper.

The proposal mitigates classic design tradeoffs around low voltage, high current link

between the generator and the utility grid on the megawatt range. The power converter is

based on Multilevel Converters technology which allows to extend the power-handling

capability of the electronic switches, reaching the medium voltage operation without

step-up transformers. The converter controllers are based on the Finite-States Model

Predictive Control approach, leading to fast dynamic response and DC bus voltages

equalization. The performance of the control scheme is evaluated with computer

simulations.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction magnets increased the interest on high power Permanent
Development and evolution of renewable energy systems

increases their dependence on power electronic converters.

They have gained prominence due to their high control

versatility which allows fulfilling both the control require-

ments stated by the renewable source itself and the grid

codes.

In order to increase the energy efficiency, variable-speed

operation of modern Wind Turbine Systems (WTS ) has been

widely adopted. Also, the increasing demands of sustainable

electric power and a lower cost per megawatt, constantly

pushes the boundary of WTS to higher power capacity,

increasing all sub-systems rating including tower, machinery

and power converters. Latest turbines are rated in the range of

3e7.5 MW.

Although modern variable-speed turbines lie on the

Doubly Fed Induction Generator (DFIG) and field excited

Synchronous Generator, the lower prices of strong permanent
425 9306.
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Magnet Synchronous Generators (PMSG) [1]. This machine

combines low maintenance with a high power-size ratio and

gearless transmission capability, enhancing mechanical effi-

ciency and robustness.

In themegawatt range, the Multilevel Converter (MC ) is an

attractive choice in comparison with the parallel connection

of low voltage converters [2]. Multilevel Converter applica-

tions such as motor drives, Active Power Filters and FACTS-

based Power Quality solutions have been investigated [3].

Particularly, the full-scale Back-to-Back (B2B) converter

configuration, jointly with PMSG allows higher efficiency at

the generator side compared with the rectifierechopper

design and also higher controllability. It hasmajor advantages

regarding grid code compliance with respect to DFIG based

solutions, which are limited to approximately 30% of the

turbine’s rated power. Also, the utilization of Medium Voltage

(MV) equipment solves problems such as the location of the

step-up transformer and the need for the expensive large-
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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diameter cable link between the nacelle and the bottom of the

turbine [4]. This suggests that the migration of high power

wind generators to medium voltage is unavoidable. Some

works deal with this issue, considering various multilevel

converter topologies [5]. Multipole Syncronous Generators are

also considered [6], and commercial solutions in this area are

available at this time.

This work explores the performance of a B2B multilevel

converter based on the Diode Clamped Multilevel Converter

(DCMC) which avoids the step-up coupling transformer

allowing the direct connection of the WTS to the medium

voltage grid. Converter control is addressed through Finite-

States Model Predictive Control approach (FS-MPC ), which

gives fast dynamic response and it is a natural control strategy

to be merged with the DC bus voltage balance. The proposal is

evaluated through computer simulations.
2. System overview

2.1. System description and control goals

Fig. 1 depicts a block diagram of a WTS system comprising

a PMSG and a Back-to-Back power converter based on the

Diode Clamped topology.

The system control goals are the optimization of the wind

power resource and a proper interfacing to the utility grid.

More precisely, the generator side converter (GeC) controls the

PMSG in order to extract the maximum power from the wind

defining the load torque and so the electric power extracted.

This power is transferred to the DC link, and redirected to the

grid at constant frequency by means of the DC bus voltage

control, which is executed by the grid side converter (GrC).

Also, when a voltage sag occurs, theGrC injects reactive power

proportionally to the sag amplitude in order to contribute to

the grid voltage restoration.

2.2. Control strategy

The control strategy on both converters is a FS-MPC approach

which consists on the calculation of target variables from the

present sample time k to the next, and their global compar-

ison with the reference values. These variables can be classi-

fied as external (line currents or the AC output power) or

internal (DC bus capacitors voltages) to the power converters.

They are evaluated for each converter switching combination

by means of a figure of merit that measures the “distance”

between the calculated value and its set point,

J ¼ Jext þ Jint (1)
Fig. 1 e WTS block diagram using a five level DCMI.
where, Jext, and Jint are the cost functions associated to the

external and the internal controlled variables. In the partic-

ular case of the Diode Clamped Converter, Jint evaluates the

balancing state of the DC bus in order to maintain all capaci-

tors voltages at the same value. This is achieved through the

function (2):

Jint ¼ JV ¼ 1
4

X4

i¼1

��VCref � VCi½kþ 1���
VCref

(2)

which evaluates the average voltage error (with respect to the

reference values VCref) on capacitors voltages due to the three

line currents for all the switching combinations [7]. This term

is common to both converters.

The generator converter is controlled with a Predictive

Current Control. It optimizes the working point of the PMSG,

through torque and reactive current control by means of the

cost function gext, while voltage balance control is addressed

through the term gint according to:

gGeC ¼ gext þ gint ¼
�
Kiqgiq þ Kidgid

�þ ðKVGeCJVÞ (3)

where giq and gid are the cost functions related to the generator

synchronous currents (external variables) and JV evaluates the

DC bus voltage balance (internal variables), and Ki are their

respective weighting factors, which allow to emphasize the

importance of each component in the optimization process.

TheGrC uses a Predictive Power Control. It stabilizes theDC

bus voltage by regulating the power transferred to the grid. It

also controls the reactive power to comply with the grid code

policy in case of a fault or to set the power factor to unity in

normal operation. The same as the GeC, the GrC controller

takes care of the voltage balance, leading to the cost function,

hGrC ¼ hext þ hint ¼ ðKPhP þ KQhQÞ þ ðKVGrCJVÞ (4)

Here, hP and hQ are the cost functions associated with active

and reactive power injected to the grid (external variables),

and JV has the same meaning as before.
3. Generator converter control

The goal for the GeC is to maximize the power extracted from

the turbine. This is accomplished by exerting an adequate

load torque on the generator so that the tip-speed ratio l

remains at its optimal value lopt. This depends on the wind

speed VW:

lopt ¼ uoptR

VW
(5)

When this condition is present, the maximum power that

can be extracted, and the corresponding torque are:

Pmax ¼ 1
2
rpR2V3

WCPmax; Topt ¼ 1
2
rpR3CPmax

l3opt
u2

opt (6)

where r is the air density, R the turbine radius and CPmax the

power coefficient at l ¼ lopt. The generator converter is

devoted to control the line currents in order to adjust the

torque at its optimal value. This is achieved by means of

proper selection of GeC output voltages. The phase voltage on

the motor windings is calculated in terms of converter line

voltages through (7):
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V ¼
2
4Va

Vb

Vc

3
5 ¼ 1

3

2
4 2 1
�1 1
�1 �2

3
5�Vab

Vbc

�
(7)

The PMSG dynamic equation is (Fig. 2):

V ¼ Rsiþ djs

dt
with js ¼ Lsiþ jme

jqr (8)

where i is the line current and js the flux linking the stator

windings that depends on the flux produced by the rotor

magnets (jm) and the stator current. Transforming to the deq

rotor reference frame yields to the electrical equation (9),

where P represents the number of pole pairs of the generator:

did
dt

¼ 1
Ld
Vd � R

Ld
id þ Lq

Ld
Puriq (9a)

diq
dt

¼ 1
Lq
Vq � Rs

Lq
iq � Ld

Lq
Purid � jmPur

Lq
(9b)

Performing a forward Euler approximation on (9a) and (9b)

gives:

id½kþ 1� ¼ TS

�
1

Ld
Vd½k� � Rs

Ld
id½k� þ Lq

Ld
Puriq½k�

�
þ id½k�

iq½kþ 1� ¼ TS

�
1
Lq
Vq½k� � Rs

Lq
iq½k� � Ld

Lq
Purid½k� � jmPur

Lq

�
þ iq½k�

(10)

Equation (10) expresses the current components at instant

k þ 1 as a function of system parameters, their values at

instant k and converter’s voltage.

At every instant, the corresponding current references i�q
and i�d must be tracked, as they are related to the reactive

current component and the generator load torque, respec-

tively. Given that unity power factor is desired, a zero refer-

ence is defined for i�d and the active component is defined

through the machine mechanical equation. This is resumed

in (11):
Fig. 2 e Generator side con
i�q½k� ¼
2

3Pjm

Topt½k�
Kgearbox

; i�d ¼ 0 (11)

As the power converter has a discrete number of switching

combinations, each one of them is introduced in equation (10)

giving a set of values of id and iq. To select the most adequate

switching combination, cost functions that measure the

“distance” between the reference values and the predicted has

the expression (12) for both current components:

gid ¼
��id½kþ 1� � i�d

��
irated

giq ¼

���iq½kþ 1� � i�q½k�
���

irated
(12)

Then, the optimization of machine variables can be realized

through a joint optimization function that takes both

components as:

gext ¼ Kiqgiq þ Kidgid (13)

Fig. 2 shows a block diagram of the control scheme.
4. Grid converter control

The high penetration of alternative energy systems has

motivated regulations with respect to the connection holding

time when a fault occurs and also ancillary services like

reactive power injection [8]. A grid code profile describes the

disconnection boundary as a function of time depending on

the voltage sag magnitude and its duration and also the

amount of reactive current, relative to the system’s rated

current, depending on the sag amplitude. Whether the reac-

tive power is injected to the grid, active power transfer should

be reduced or even canceled to avoid exceeding the rated

current of the GrC. Then, during the fault, the generator must

be de-loaded to avoid the excessive increase of the DC bus
verter control diagram.
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voltage. Although this causes the turbine acceleration, the

high value of the rotor inertia causes small speed increase in

its rotational speed. In addition, if the fault exceeds the time of

connection holding, the pitch angle control (which is not

considered in this study) can prevent from over speed.
4.1. Active and reactive power calculation

The predictive strategy lies on the calculation of real and

imaginary power for all the switching combinations [9]. For

this, future value of line currents are calculatedwith reference

to Fig. 3. At a given sampling instant k, phase voltages e[k] and

currents i[k] are sampled. The active and reactive power

supplied by the AC system at instant (k þ 1) can be calculated

applying the Instantaneous Power Theory, through a predic-

tion of the line currents. This calculation is performed eval-

uating (14) where it is suposed that the system voltage e

remains constant during TS (e[k þ 1] z e[k]).

2
64
ia
ib
ic

3
75

Kþ1

¼ TS

3LC

0
B@
2
64
�2 �1

1 �1

1 2

3
75
��

Vab

Vbc

�
K

�
�
eab
ebc

�
K

�1CA

þ ð1� rCTS

LC
Þ

2
64
ia
ib
ic

3
75
�������
K

(14)

where TS is the sampling period, rc the coupling inductor

resistance and exy, Vxy the line voltages at the power system

and the converter sides, respectively. Using the stationary
Fig. 3 e Grid side conver
transformation, active and reactive power supplied by the AC

system can be calculated with expression (15).

P½kþ 1� ¼ ea½k�ia½kþ 1� þ eb½k�ib½kþ 1�
Q½kþ 1� ¼ eb½k�ia½kþ 1� � ea½k�ib½kþ 1� (15)

The optimization functions associated with P and Q are

designed to track these variables to their reference values.

Individual cost functions are defined in (16) for P and Q,

normalized to the rated power of the converter:

hP ¼ jP½kþ 1� � P�½kþ 1�j
Prated

hQ ¼ jQ½kþ 1� � Q�½kþ 1�j
Prated

(16)

and the power optimization is given by (17):

hext ¼ KPhP þ KPhQ (17)

The reference valueQ* of reactive power is set depending on

the power mode as described before (normal or fault mode).

The active power reference P* is shaped summing up the

consumed power on the inverter side and the necessary

power to regulate the DC bus voltage [10]. On the other hand,

the reactive power reference Q* is set depending on the

operationmode of theGrC. If the grid voltage is within the 10%

band, it is set to zero, and if fault mode is present, it is set to

a value that depends on the grid code.

In normal operation, the control target of the GrC is the DC

link voltage regulation. Also, in normal grid conditions a high

power factor presented to the utility grid is desired. The same

as the generator converter, the control algorithm also takes
ter control diagram.
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into account the capacitors balancing issue by selecting the

best switching combinations in order to minimize the cost

function.
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Fig. 5 e Currents and voltages on GrC and GeC for two wind

speeds, (a),(b) VW [ 10 m/s, (c),(d) VW [ 11.8 m/s.
5. Performance evaluation

The proposed control strategy is evaluated for a 3 MW wind

turbine with computer simulations. The system performance

is evaluated in both normal and fault mode conditions of the

AC grid, in order to analyze the behavior of the electrical and

mechanical variables. The DC bus is rated 20 kV for direct

connection to the medium voltage grid, with 1500 mFe5 kV DC

capacitors and a grid coupling inductor Lc ¼10 mH. The

sampling frequency is set to 6 kHz, and the total moment of

inertia is considered J ¼ 106 kgm2.

The first test shows the results of system variables for two

values of wind speed. At t ¼ 0, the turbine rotates at a speed

close to 15 RPM for a wind speed VW ¼ 10 m/s (Fig. 4(a)),

delivering an active power of approximately 1.9 MW. In

t ¼ 0.3 s, wind value is increased to VW ¼ 11.8 m/s, which is

considered the rated value. The turbine’s rotor speed

increases up to 17.5RPM, reaching a power output of 2.9 MW.

As it can be seen, the rotor speed takes about 14 s to converge

to the final value. The resistant torque (Fig. 4(b)) also

increases reaching a maximum value of 150 kNm. Fig. 5

depicts currents and voltages of the GrC and GeC, respec-

tively for both wind speed values. It can be seen the corre-

sponding phase shift between line voltage and currents

which is near 30�. For better visualization, the currents are

amplified by factor of 50. Fig. 5(a) shows the GrC line voltage

and current, while Fig. 5(b) shows the same variables for the

GeC for the reduced wind speed regime (VW ¼ 10 m/s,

0 < t < 0.3 s). The line voltage presents the typical staircase

waveform of the multilevel converters, while highly sinu-

soidal current is achieved. It is observed in this case that the

GeC voltage uses a reduced number of voltage levels due to

the lower-than-rated speed of the PMSG and consequently

the EMF. Fig. 5(c) and (d) (t >> 0.2 s) show the same set of

variables as before. While the GrC uses the same voltage

levels as the previous case (the grid peak voltage remains

unchanged), the GeC uses more levels as the speed and

consequently the EMF of the generator has increased. Also
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Fig. 4 e (a) Turbine Speed (b) Resistant torque.
both current increase, in order to reach the system output

power to approximately 2.9 MW.

The second test shows the effect of a grid voltage sag and

the reactive current injection required by the grid code for

voltage restoration. The operation is set with a wind speed

(10.8 m/s) and an output power of 2 MW. At t ¼ 0.2 s, a 30%

voltage sag is introduced.

According to the grid code, 60% of the converter’s rated

current must be injected with reactive power factor in order

to contribute to the grid voltage restoration. The conversion

system should be able to handle this condition for at least

2.2 s and resume at normal condition after the fault. Fig. 6

shows the corresponding voltages and currents at both

converters AC terminals. Fig. 6(a) shows a GrC line voltage

and current around the fault region, while Fig. 6(b) shows the

line voltage and current at the GeC terminals. The converter

voltage levels usage during the sag is reduced in order to
Fig. 6 e Converter Voltage and currents for rated wind

speed (a) GrC voltage and current, (b) GeC voltage and

current.
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reach the desired reactive current value. In Fig. 6(b), the

partial generator de-loading is observed through the reduc-

tion of the current drawn from the machine. Fig. 7 shows one

grid phase voltage and the corresponding current, during this

event. It can be observed that the required current phase

shift for grid code fulfillment is rapidly reached from pure

active to partially active and reactive. This ratio is deter-

mined by the reactive demand from the grid code and from

the remaining current capacity that is assigned to the active

current component.

The mechanical variables of the generator are shown

in Fig. 8 including the fault. The EM torque is shown in 8(c)

and the turbine speed in 8(a). Acceleration is observed within

the sag occurrence, which is not significant due to the high

value of rotor inertia and the partial braking due to residual

active power transfer. Turbine speed is 16RPM and raises

17RPM at the end of the fault. Then, the rotational energy in

excess of the mechanical system is evacuated after the grid

restoration reaching 2.5 MW at t ¼ 2.3 s. The active and

reactive power are measured at the grid side and are also

shown in Fig. 8. It is observed that within the fault time, the

active power transfer is reduced from 2 MW to 1.2 MW due to

generator partial de-loading when the fault occurs (Fig. 8(b)).
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Fig. 8 e (a) Turbine speed, (b) Power injected to the grid by

GrC, (c) Resistant torque, (d) Reactive Power consumed from

the grid.
Fast dynamic response on reactive power injection is

observed in Fig. 8(d) which tends to counteract the grid

voltage level.
6. Conclusions

A transformerless multilevel power electronic converter for

a WTS was presented. It has been demonstrated that the B2B

power interface has good performance regarding the main

control objectives and also presents reliable potential to fulfill

ancillary services required by the grid operator. A satisfactory

evaluation can be made with respect to the control of power

converters and their internal variables by means of the Finite-

States Model Predictive Control strategy.
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