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Abstract

Three-level (3L) neutral point clamped (NPC), flying capacitor (FC), and H-bridge (HB) voltage
source converters (VSCs) as a grid-side full-scale medium voltage (MV) converter are modeled,
controlled, and simulated for the grid connection of a hypothetical 6MW wind turbine. Via the
converter topological features and the simulation results demonstrating the converter performance,
these three 3L-VSCs are discussed and compared in terms of power density and reliability, which can
be considered as two of the most important criteria for the converters placed in wind turbine nacelles.
Given the grid connection circuit (without capacitive switching ripple filters), the 3L-HB-VSC is
expected to be superior with respect to power density and reliability over the 3L-NPC- and -FC-VSCs.

Introduction

Globally, cumulative wind power installed capacity has reached around 120GW and it has been
forecasted that this capacity will be tripled by the end of the next 5-year period between 2008 and
2013 [1]. In this development, the increasing contribution of multi-MW (>2.5MW) wind turbines can
be expected considering that their annual market share has already developed significantly from 4.3%
(688MW) in 2006 to 6.0% (1877MW) in 2008 [1]. In the multi-MW wind turbine market, the
maximum power rating of a commercial wind turbine has reached 6MW [1] by the concern of
generating more power from wind power sites. However, the interface between wind turbine and
electricity grid in order to penetrate MWs of wind power in accordance with grid codes is another
important concern regarding that the grid codes regulating this penetration are getting stricter [2].
Therefore, full-scale power electronic converters, which process all wind turbine output power to
ensure compliance with these grid codes, are attracting interest in wind power generation technology.
Mainly, there are two full-scale converter options: single unit of a medium voltage (MV) converter [3]
and parallel units of low voltage (LV) converters [4]. These two solutions could be compared and
discussed in terms of power density, reliability, complexity, modularity, converter topology, supported
turbine technology, and cost. However, to be able to do so fairly, detailed research studies should be
conducted beforehand in this area, where the literature and the technology are now under a fast
development. As a contribution to this growing literature, this study will investigate several MV



converter solutions considering their grid-side power quality performance and switch utilization under
normal conditions.

Power electronic converters in MV are generally realized as multi-level (ML) voltage source
converters (VSC) instead of 2L-VSCs in order to improve the figures of switch power losses,
harmonic distortion, dv/dt, and common mode voltage/current [S]. In the literature, there are three
main ML-VSC topologies, which are neutral point clamped (NPC) [6], flying capacitor (FC) [7], and
cascaded H-bridge (CHB) [8]. For MV AC drive applications, these topologies have been studied in
the literature extensively [5], [9] and compared in detail [10]. Also, these topologies have been
employed in the MV AC drive market successfully. However, they have not been elaborately studied,
extensively applied, and fairly compared for the wind turbine applications despite there are several
studies such as [3], [11], [12].

This study considers the interface of a hypothetical 6MW wind turbine with 10kV grid via 3L-NPC, -
FC-, and -HB-VSCs with 4.5kV press-pack IGBT-diode pairs. The VSCs are modeled, controlled, and
simulated in such detail that these VSCs’ performance is demonstrated comparatively in terms of
converter output current total harmonic distortion (THD;), switch power losses, and power loss
distribution. This effort along with the consideration of each VSC’s topological features aims to give
an insight about the power density and reliability of these three VSCs as a grid interface circuitry to be
built in a nacelle. Given the grid connection circuit (without capacitive switching ripple filters like
LCL filter), the 3L-HB-VSC is anticipated to be superior in terms of power density and reliability over
the 3L-NPC- and -FC-VSCs.

In this paper, first, the 3L NPC, FC, and HB topologies, their modulations, and their controls are
briefly explained. Secondly, the wind turbine grid connection including grid, step-up transformer, 3L-
VSCs, and the IGBT-diode pairs, is modeled in sufficient detail. Next, the simulation results
comprising of output voltage/current waveforms, converter output current harmonic spectrums, switch
current waveforms, and switch power losses are represented. Finally, these three VSCs are discussed
and compared with respect to power density and reliability.

Three-level Medium Voltage Converter Topologies and Their Controls

3L-NPC-, -FC-, and -HB-VSCs shown in Fig. 1-3 are able to produce three levels of voltages such as
Vpe, 0, and -Vpe per phase by making use of neutral point clamps, flying capacitors, and two-2L legs,
respectively. Opposed to the other two converters, the 3L-HB-VSC requires open-winding (at
converter side) transformer or independent DC buses in order not to cause any undesired current
circulation among the three HBs. It should be noted that the DC bus voltages of the NPC and FC
converters are 2Vpc whereas the DC bus voltages of the HB converter and the flying capacitor
voltages of the FC converter are Vpc.

The power flow via each VSC power circuit is controlled via an identical closed-loop current
controller (realized in dq frame), which takes the reference current corresponding to the real and
reactive powers to be delivered to the grid and produces the reference voltages. Then, the modulation
signals for IGBT switches corresponding to the reference output voltages are produced by space vector
pulse-width modulation (SVPWM) with near three vector (NTV) approach such that each VSC can
produce the same output voltages for the same reference voltages [13]-[15]. However, neutral point
and flying capacitor voltage balance controls, which have slight effects on the converter performance
at steady-state, are considered to be beyond the scope of this study and not included.



Fig. 1: Wind turbine grid connection via a 3L-NPC-VSC

Fig. 2: Wind turbine grid connection via a 3L-FC-VSC

Fig. 3: Wind turbine grid connection via a 3L-HB-VSC



Modeling of the Wind Turbine Grid Connection

The grid connection of the wind turbine is modeled by ideal DC voltage sources, converters with ideal
IGBTs and diodes, infinitely large flying capacitors, 10% filter inductors, ideal step-up transformers,
and 10kV grid. The parameters of the simulation model are given in Table 1. The limits for PF and fg
are selected considering grid code requirements and MV switch capabilities, respectively. Moreover,
the turn-on, turn-off/recovery, and conduction power losses of IGBTs and diodes are modeled as look-
up tables by means of the utilization of turn-on energy (E., vs. Vcg and Ic), turn-off energy (Eq vs.
Ve and L), reverse recovery energy (E.. vs. Vp and Ip), and on-state voltage drop (Vcgsa vs. Ic and
Vp.on V8. Ip) curves given in the datasheet of a 4.5kV-1.8kA Westcode press-pack IGBT-diode pair
(T1800GA45A) [16]. It should be noted that the turn-on losses of diodes are neglected [17].

Table I: Model parameters for the wind turbine grid connection with the 3L-VSCs

Model Symbol | Quantity Value
Electricity Vs | Line-to-line voltage (50Hz) 10kV
Grid PF Power factor 1-0.9 (ind.)
Turbine P Rated power 6MW
Ve DC bus voltage 2500V
Veir | Output line-to-line voltage 3kV
Converter
fs Switching frequency 650-1050Hz
L Filter inductance 450uH (10%)
Transformer Ntr Transformer turns ratio (Ngiq:Nconv) 3.33

Simulation Results

The 6MW wind turbine grid connection models for the 3L-NPC-, -FC-, and -HB-VSCs are simulated
via Ansoft-Simplorer under the four cases of fs=1050Hz & PF=1, fs=1050Hz & PF=0.9, fs=650Hz &
PF=1, and fs=650Hz & PF=0.9. Given in Fig. 4, voltage/current waveforms and current harmonic
spectrums for the case of fy=1050Hz & PF=1 show that each converter produces the identical outputs
with THD; of 8.9% despite there is negligible discrepancy (around 0.1%) at several harmonic
frequencies. For the case of fs=1050Hz & PF=0.9, Fig. 5 demonstrates that the identical output
performance of the three converters (THD=8.3%). For the cases of fs=650Hz & PF=1 and fs=650Hz
& PF=0.9, Fig. 6 shows the output voltage and current waveforms of the converters, where THD;
values are 14.3% and 13.3%, respectively. Table II summarizes THD; for all the cases.

Switch utilization of each converter for the case of fs=1050Hz & PF=1 is illustrated in Fig. 7 by means
of the IGBT and diode current waveforms for phase-a. As seen in the figure, the outer IGBTSs of the
NPC (TA1 and TA4) do switch twice the IGBTs of the FC and HB while the inner IGBTSs of the NPC
(TA2 and TA3) do not switch at all. Similarly, the clamping diodes (DAS and DAG6) switch twice the
antiparallel diodes of the FC and HB whereas the antiparallel diodes of the NPC are almost idle. In
Fig. 8, the switch utilization in these converters can also be seen via the charts representing the power
losses of turn-on (P,,), turn-off/recovery (P.#/P..), and conduction (P.,) of each IGBT and each
diode. The figure shows that at least 50% of the total power loss (Pj.ss) is comprised of Py, which is
independent from f5 unlike Py, Py, and P.... Also, the figure demonstrates that the switch utilization is
not significantly influenced by the PF decrease from 1 to 0.9. Table II summarizes P, for all the
cases and shows that P values for the three VSCs under a specific case are almost equal.



(a) NPC

(b) FC

(c) HB

Fig. 4: For fs=1050Hz & PF=1; (LEFT) the grid voltage (red, scaled by N '=0.3), the converter
output voltage (green), the converter reference voltage (black), and the converter output current (blue)

for phase-a of each VSC; (RIGHT) the converter output current harmonic spectrums for phase-a of the
VSCs

Fig. 5: For fi=1050Hz & PF=0.9; (LEFT) the grid voltage (red, scaled by Nz '=0.3), the converter
output voltage (green), the converter reference voltage (black), and the converter output current (blue)

for phase-a of the VSCs; (RIGHT) the converter output current harmonic spectrums for phase-a of the
VSCs

(a) fs=650Hz & PF=1 (b) fs=650Hz & PF=0.9

Fig. 6: For fs=650Hz, the grid voltage (red, scaled by Nt '=0.3), the converter output voltage (green),

the converter reference voltage (black), and the converter output current (blue) for phase-a of the
VSCs



Table II: THD; and P, of the 3L-VSCs

NPC FC HB

fs=1050Hz fs=650Hz fs=1050Hz fs=650Hz fs=1050Hz fs=650Hz

PF PF PF PF PF PF PF PF PF PF PF PF
=1 =0.9 =1 =0.9 =1 =0.9 =1 =0.9 =1 =0.9 =1 =0.9
THD;
%) 8.9 8.3 143 | 133 | 8.9 8.3 143 | 133 | 89 83 | 143 ] 133
(il\"{;) 26.1 | 294 | 216 | 241 | 269 | 30.0 | 219 | 245 |27.1 | 305 |224 | 247
(a) NPC
(b) FC
(c) HB

Fig. 7: For f=1050Hz & PF=1; IGBT (red), antiparallel diode (blue), and neutral point clamping
diode (black) current waveforms with 2500A offsets for phase-a of the NPC (a), the FC (b), and the
HB (c) VSCs

Discussions of Power Density and Reliability

Having the identical output performance under the given circuit topologies as obtained by the
simulations, power density and reliability for 3L-NPC-, -FC-, and -HB-VSCs are mainly dependent on
the aforementioned topological features. Hence, these three converters can be compared in terms of
power density and reliability as follows (Table III).

Regarding power density, the FC is expected to be the largest volume due to its flying capacitors. In
the NPC, its 3L converter structure with clamping diodes is a volume increasing factor. Moreover, the
NPC is expected to require a bigger cooling system than the others if the cooling system for each
converter is designed to the keep the most thermally stressed switch (outer IGBTs for the NPC)
temperature at the same level in a press-pack switch based converter. Due to the HB’s 2L converter
structure, the HB is expected to have the less volume than the others. It should be noted that all the




VSCs can use the same filter inductor in the circuit topologies (without capacitive switching ripple
filters) considered in this study. Also, the open-winding transformer used for the HB can be assumed
to have the same size as the other transformers used for the NPC and FC.

In reliability point of view, flying capacitor lifetime would be a limiting factor for the FC. In the NPC,
depending on amount of power loss and thermal characteristics of IGBTs, the higher junction
temperature excursion of its outer switches may be a limiting factor compared to the other VSCs.
Without three flying capacitors in the FC and without one more DC bus capacitors and eight more
clamping diodes, the HB is expected to be more reliable than the others considering this component
count advantage. Also, the HB’s mature and modular 2L structure with reliable driver and protection
schemes is another advantage in practice.

NPC FC HB

(a) fs=1050Hz & PF=1

(b) fs=1050Hz & PF=0.9

(c) fs=650Hz & PF=1

(d) fs=650Hz & PF=0.9

Fig. 8: Turn-on (blue), turn-off/recovery (red), and conduction (black) loss charts for phase-a of the
NPC (left), FC (middle), and HB (right) VSCs

Conclusion

This study on the grid connection of a 6MW wind turbine via MV-3L-VSCs shows that the 3L-NPC-,
-FC-, and -HB-VSCs are able to produce the same converter outputs with the circuit topologies
considered under the operation conditions of fs and PF. It is observed that the increase of fs from
650Hz to 1050Hz results in 35% THD; decrease and in 30% P, increase. The change of PF from 1 to



0.9 (inductive) results in 10% THD; decrease and in 12% P,y increase. Unlike THD; and Py, the
switch utilization differs among the three VSCs such that the NPC results in unbalanced power loss
distribution among IGBTs and among diodes whereas the FC and HB distribute the losses more
evenly over the converter. In addition to the loss distribution, the topological features of the three VSC
favors the HB over the NPC and FC in power density and reliability as generally discussed and
summarized in Table III. However, in order to reach more solid conclusions via this comparison, this
study and discussion should be extended by considering LCL type switching ripple filters, which are
placed between the step-up transformer and the VSC for the grid connection of wind turbines.

Table III: Comparison for power density and reliability

Power Density Reliability

(=) 3L structure with clamping diodes (-) Higher IGBT junction temperature
3L-NPC | (-) Bigger cooling system than the others | excursion

due to unbalanced power loss distribution | (—) 6 clamping diodes more than the others
3L-FC (-) 3 flying capacitors (-) 3 flying capacitors more than the others
3L-HB (+) 2L structure (+) Mature 2L structure

(+) Half DC bus capacitance of the others | (+) Half the number of DC bus capacitors
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