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Abstract—A series-connected current source converter
(CSC)-based configuration has recently been proposed for
offshore wind energy conversion systems. A big challenge exists
for such a system that its maximum insulation level is the full
transmission voltage due to its monopolar operation. This
introduces significant burden to the system in terms of cost,
reliability, and flexibility. To solve this issue, a bipolar operation
giving a half insulation requirement is proposed and investigated
in the present work. However, a unique challenge exists for the
CSC-based system when operating under bipolar mode, that is the
dc-link current control. There are two equivalent paths for the
dc-link current which introduces a concern for proper operation
of the bipolar system. Accordingly, an optimized dc-link current
control is developed in this study. In summary, the bipolar system
with the help of the optimized dc-link current control features
lower insulation requirement, higher reliability, higher efficiency,
and higher flexibility. Finally, both simulation and experimental
results are provided.
Index Terms— Current source converter, dc-link current
control, efficiency, insulation level, offshore wind energy
conversion system.

I. INTRODUCTION

O

wind power is seeing an increased trend because
of considerable wind resources, higher and steadier wind
speed, and minimized environmental effect [1]. Two main
types of configurations are proposed and implemented
practically for offshore wind energy conversion systems
[2]-[5]: parallel-connected configuration and series-connected
configuration. The former is already implemented in practice
where the biggest challenge is the very costly and bulky
offshore substation required to house step-up transformers,
converters, and other related components [6]. The latter is
gaining more attention in the literature as the offshore
substation can be eliminated, though it has not been
implemented yet [6-7].
Apart from voltage source converter (VSC)-based
configurations [3-4], [8-10], a couple of current source
converter (CSC)-based configurations have also been studied in
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literature. Compared with thyristor-based configurations
[11-12] which feature large footprint, dependent active and
reactive power control, and susceptibility to ac network
disturbance, the PWM CSC-based ones [13-14] features natural
advantages such as simple structure, grid-friendly waveforms,
controllable power factor, and reliable grid short-circuit
protection. Ref. [13] proposed a series-connected configuration
where PWM CSCs are installed on both generator and grid
sides, while in [14] the generator-side PWM CSC is replaced
with a modular medium-frequency transformer (MFT)-based
converter. Compared with the configuration in [13], the one in
[14] features smaller size and weight.
One common thing for existing CSC-based series-connected
configurations [13-14] is they are all operating under
monopolar mode leading significant challenge for system
insulation. The wind generator that is farthest from the
grounding point must be capable of withstanding a full
transmission level which is impractical. To tackle this issue, a
three-phase low-frequency high-power transformer is normally
connected between the generator and the front-end converter
[13]. This transformer, however, is heavy and bulky increasing
burden on offshore construction because of the limited space
either in the nacelle or in the tower of the wind turbine [7]. On
the other hand, a modular medium-frequency transformer
(MFT)-based solution is proposed in [14]. Compared with the
low-frequency transformer in [13], the modular MFT gives
smaller size and weight that is particularly important for
offshore construction.
However, the maximum insulation requirement of the
system under monopolar operation is still the full transmission
level. This introduces significant challenges to the system in
terms of cost, reliability, and flexibility.
With a special focus on reducing the maximum insulation
level, the present work proposes and investigates a bipolar
system. Bipolar mode that typically used in VSCs gives a half
insulation requirement compared with monopolar mode.
However, a big concern exists for the CSC-based system
operating under bipolar mode, that is the dc-link current
control. Unlike monopolar mode where there is only one
equivalent current path, the bipolar operation mode has two
equivalent current paths. Thus, an optimal dc-link current
control is required to ensure all the control objectives and give
higher efficiency, reliability, and flexibility to the system.
Accordingly, an optimized dc-link current control is developed
in this study. In summary, the bipolar CSC-based
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series-connected configuration with the help of the optimized
dc-link current control features lower insulation requirement,
higher efficiency, reliability, and flexibility.
II. PWM CSC-BASED WIND ENERGY CONVERSION SYSTEM
Fig. 1 shows the recently proposed PWM CSC-based
configuration for offshore wind farms. In the offshore part, a
number of medium-voltage (MV) permanent magnet
synchronous generator (PMSG)-based wind generation units
are connected in series to reach a high-voltage direct current
(HVDC) level. A modular MFT-based converter with a
series-input and series-output structure is used interfacing each
generator. In the onshore part, a number of MV CSCs are
connected in series to form a dc/ac converter. The step-up
multi-winding transformers are employed to connect the
converters to the grid, providing isolation and grid integration.
A dc-link inductor, that is Ldc, is shared by offshore and onshore
converters.
The overall control scheme of the PWM CSC-based wind
farm consists of two parts. One is the control scheme for
offshore converters. The other is the control for onshore
converters. The onshore control objectives include the
maximum power point tracking (MPPT) and voltage balancing
control, while the dc-link current control and reactive power
control are implemented on the onshore converters. It is worth
noting that the dc-link reference current determination shown
in Fig. 1 plays a crucial role in the control system which will be
thoroughly presented in the following section. Please refer to
[14] for more details.
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Fig. 1. PWM CSC-based offshore wind farm [14].

In such a series-connected CSC-based system shown in Fig.
1, the generator insulation should be carefully considered. The
wind generator that is farthest from the grounding point must be
capable of withstanding full transmission voltage which is
impractical. To tackle this issue, a couple of methods are
developed as follows [15-16]:

(a) insulate the generator winding, and offshore converter for
high potential (the full transmission voltage) to the ground, or
(b) insulate the wind turbine tower for high potential (the full
transmission voltage) to the ground and keep the nacelle on
high potential, or
(c) using transformers.
Among all these methods, the transformer-based one is more
reasonable in practice. Ref [13] employed a low-frequency
high-power transformer connected between the generator and
the generator-side converter that a generator with regular
insulation level can be used. This low-frequency transformer is
heavy and bulky that increases burden on offshore construction
because of the limited space either in the nacelle or in the tower
of the wind turbine [7]. To solve this issue, a modular
MFTs-based solution is proposed recently [14]. And it is
smaller in size and weight compared with the one in [13].
However, there is still a big challenge for the modular
MFTs-based system shown in Fig. 1, that is the high insulation
level. The maximum insulation level is the full transmission
voltage under monopolar mode. A couple of disadvantages
associated with such a high insulation requirement exist. First,
the high cost on insulation is significant. Compared with its
VSC counterpart where the maximum insulation is half of the
transmission voltage, the cost on the full transmission-level
insulation is higher. Second, the reliability is reduced. The
system reliability is decreased as an increased high-voltage
isolation requirement. Third, the power transferring capacity is
limited. More modules have to be connected in series to reach a
higher power capacity, which is impractical beyond certain
power ratings mainly due to the limitation of the increased
insulation requirement. Fourth, the implementation of the
modular MFTs is increasingly challenging as increased
insulation requirement as the technology of the high-power
modular MFTs with an HVDC-level insulation requirement,
300 kV and higher, for example, is immature [17]. To sum up,
the monopolar system with a full transmission-level insulation
requirement lower the performance of the system in terms of
cost, reliability, power capacity, and implementation
feasibility. In turn, a lower insulation requirement will benefit
the system in the same way.
Therefore, a bipolar system is proposed and investigated in
this study shown in Fig. 2. Bipolar mode normally used in
VSCs gives a half insulation requirement compared with
monopolar mode, thus, the system performance as mentioned
above will be highly enhanced. However, there is a big concern
when operating the CSC-based system under bipolar mode.
Unlike monopolar mode where there is only one equivalent
current path, the bipolar mode has two equivalent current paths
shown in Fig. 2. Then, the dc-link current control will be a
challenge as (1) all the control objectives achieved in
monopolar mode should be ensured under bipolar mode; and
(2) the efficiency and flexibility of the system cannot be
affected. Accordingly, an optimized dc-link current control is
developed and will be discussed in detail in the following
section.
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III. OPTIMIZED DC-LINK CURRENT CONTROL
The dc-link current plays the most critical role in the
CSC-based wind farm. Two constraints are normally set for the
dc-link current control [13-14]. First, the dc-link reference
current should be equal or greater that the maximum value
between generator- and grid-side determined minimum dc-link
reference currents. Otherwise, the generator-side control
objectives, such as MPPT, and the grid-side control objectives,
such as unity power factor (UPF), cannot be achieved
simultaneously. Second, the dc-link current should be kept as
small as possible to lower operation losses. Unlike a
VSC-based wind farm where the dc-link voltage is controlled at
a constant value, the dc-link current in a CSC-based wind farm
can either be constant or varied according to the variation in the
input power. The fixed dc-link current operation gives a faster
dynamic response but at the expense of higher system losses
during low wind speeds [1], while a variable dc-link current
significantly reduces the system losses during low wind speed
with the penalty of low dynamic performance [1]. A faster
dynamic response, however, is not required in wind energy
system because the large inertia of the turbine-generator system
gives slow change in the output power. On the other hand, a
high efficiency is much more preferred for a wind farm.
Considering the wind farm with a series-connected structure
under monopolar mode shown in Fig. 1, the dc-link current
through all converters has to be same. However, the wind speed
at each turbine cannot be guaranteed to be identical. The
inconsistency of wind speed leads to different minimum dc-link
reference currents for each turbine unit according to its
generated power. This will address a considerable challenge for
the system operation. To ensure all control objectives, the
maximum value among all these minimum reference currents is
selected to be the final dc-link reference current of the wind
farm [13-14].
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Fig. 2. Bipolar system and its equivalent circuit under conventional dc-link
current control.

Following the operation principle in monopolar mode, the
equivalent circuit of the bipolar system is derived as shown in
Fig. 2. Idc_offshore is the maximum current among all offshore
generator-side minimum reference currents, while Idc_grid is the
minimum reference current determined by the onshore CSCs.
The larger one is selected to be the final dc-link reference
current of the wind farm Idc_ref. Ideally, the current on the earth
path (Io) is zero. Rl denotes the equivalent load of the system.
Such a dc-link reference current determination can ensure all

the control objectives of the wind farm, but with a penalty of
high operation losses which will be thoroughly discussed later.
A. Minimum DC-Link Current by Offshore Converter
The primary objective for the generator-side converter is to
obtain MPPT from varying wind speeds. This can be achieved
by regulating the modular MFT-based converter as shown in
Fig. 1. A simplified circuit diagram of the offshore converter
interfacing the generator unit #n is shown in Fig. 3. The PMSG
is simplified with a voltage source (es) with a finite source
inductance (Ls), representing the back-EMF and the
synchronous inductance, respectively. The modular
MFT-based converter is simplified with a Buck converter [14].
The load at the dc link is replaced by a current source.
+

es

Ls

- +

Idc

- +

Vdc_n

- +

PMSG
-

Fig. 3. A simplified modular MFT-based converter for turbine unit #n [14].

Considering the presence of a large input line inductance Ls,
the average dc output voltage Vdc_n and commutation angle
 can be calculated as follows [18].

Vdc _ n 

3 2



cos( )  1 

Es , LL 

3



s Ls I dc

2s Ls I dc
(0    60 )
Es , LL

(1)

(2)

where Es,LL is the rms value of the line-to-line back-EMF es;
 s is the optimum electrical speed of the PMSG based on
MPPT.
It can be observed from (1) and (2) that the longer time the
commutation takes the more voltage drops the dc output will
suffer. If the commutation angle increases and exceeds 60º, the
decrease of the dc voltage will be more rapid until it drops to
zero. Rectifier input power factor will decrease as well and the
generator stator winding current will increase substantially.
This mode of operation is unreasonable and should be avoided.
Assume the captured wind power Pge_n of turbine unit #n that
is proportional to the cube of its wind speed (vw) is transferred
to the dc side Pdc_n with the loss being neglected, there is

Pdc _ n  Vdc _ n I dc  Pge _ n  (vw ) 3

(3)

Combining (1) and (3) gives,
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(4)

The dc-link current is therefore calculated as follows

I dc 

3 2 E s , LL  18E s , LL 2  12s Ls Pge _ n

(5)

6 s Ls

To achieve MPPT, a real solution of Idc should be found from
(5). Accordingly, the following parameter constraint for the
synchronous generator needs to be satisfied.
E s , LL 2 

2
 s Ls Pge _ n
3

(6)

B. Minimum DC-Link Current by Onshore Converter
Assuming a lossless system, the captured wind power of
turbine unit #n (Pge_n) is equal to the power of the grid-side
converter unit #n (Pgr_n). Note that in the case of a single turbine
system, the reactive power control is normally achieved by the
turbine converter itself. In the case of a wind farm, however, it
is normally achieved by adding extra reactive support
equipment at the plant level, such as STATCOM [19]. Thus, in
the present study, only UPF is considered.
With the modulation index ma of the onshore CSC being set
to its maximum value, that is 1, to lower conduction losses [1],
and the grid-side resistance Rg being too small that can be
neglected, the magnitude of the minimum dc-link current
determined by the grid-side converter Idc_gr can be expressed as
follows [14]:
2

Based on (5) and (6), two real solutions are found for the
dc-link current. The smaller one is selected while the larger one
is unreasonable in practice as it cannot satisfy the prerequisite
given in (2). In addition, the lost duty cycle of the modular
MFT-based converter due to the presence of the transformer
leakage inductance should be compensated [14]. Here, the
maximum lost duty cycle is set to 0.1.
In summary, the minimum dc-link reference current
determined by the generator unit #n is

I dc _ ge 

3 2 E s , LL  18E s , LL 2  12s Ls Pge _ n

(7)

6 s Ls  0.9

Fig. 4 shows the minimum dc-link reference current
determined by the generator-side converter. First, the curves
are given under different magnetic flux, ranging from 0.8 to 1.2
pu. It’s reasonable that when the generator terminal voltage
drops as the magnetic flux reduces, the dc-link reference
current is increasing accordingly in order to obtain the same
amount of power in the dc-link. Second, a higher synchronous
inductance gives a slightly larger reference current. In practice,
the typical number for the synchronous inductance for PMSG is
ranging from 0.3-0.6 pu [1].
Idc_gen (pu)
1.4

where wg is the angular frequency of the grid, Cf is the output
filter of the CSC, Vsd is the d-axis component of the grid
voltage.
C. Final DC-Link Current
The dc-link currents determined by generator- and grid-side
converters in the full wind speeds under MPPT and UPF are
illustrated in Fig. 5. As mentioned earlier, the larger one is
selected to be the final dc-link reference current.
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Fig. 5. Reference dc-link current determined by generator- and grid-side
converters under MPPT and UPF.
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Fig. 4. Reference dc-link current determined by generator-side converter.

Two conclusions are drawn from Fig. 5. First, a smaller filter
capacitor (Cf) requires a lower dc-link reference current. The
capacitor at the output of the CSC absorbs considerable amount
of leading current. The leading current needs to be
compensated when UPF is required by grid codes. In low wind
speed ranges (0–0.4pu), the captured real power is very low
(the captured wind power is proportional to the cube of the
wind speed) and the dc-link current is mainly determined by the
reactive current in the capacitors, resulting in almost constant
values. As the wind speed goes up, the grid-side dc-link current
requirements rise as well as the active current increases. Note
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that the output capacitor filter Cf is normally ranging from 0.15
pu to 0.3 pu for a dual-bridge CSC [20].
Second, the final dc-link reference current of the wind farm
is mainly determined by the generator-side converters. For
example, in the case of Cf =0.15 pu, the generator-side
reference current is higher than that of the grid-side one in the
full operation range. A similar result is also found in the case of
Cf =0.3 pu, but mainly in high operation ranges, that is ranging
from 0.58 to 1 pu.
D. Optimized DC-Link Current Control
On the above basis, an optimized dc-link current control of
the bipolar system is proposed. Instead of picking the
maximum value among all reference currents to be the final
dc-link reference current of the system, two reference currents
are selected. One is for the positive link and the other for the
negative link of the bipolar system. As a result, the bipolar
system is equivalent to two independent monopolar systems
with separate dc-link current control. The equivalent circuit is
derived as shown in Fig. 6. Rl_1 and Rl_2 represent the equivalent
loads for upper and lower parts of the bipolar system. Idc_ref1 and
Idc_ref2 are defined as follows.

I dc _ ref 1  max( I dc _ ge1, I dc _ ge2,, I dc _ gem, I dc _ gr1 )

(9)

I dc _ ref 2  max( I dc _ ge( m 1), I dc _ ge( m  2),, I dc _ gen, I dc _ gr 2 )

(10)

where m is the number of the turbine-generator units with m =
n/2. Idc_gr1 and Idc_gr2 are calculated based on (8).
Idc_ref1

Ldc1 Idc1

#1

Rl_1
o

Io

Io

o

Idc_ref2
#n

Rl_2

Ldc2 Idc2

where Eon and Eoff are given in the datasheet of the device, fsw is
the switching frequency of the CSC which is normally around
500 Hz, Inom and Vnom are the rated current and voltage, while i
and v are the instant values during the switching event, vCE0 and
r are constant values used to calculate the on-state voltage of
the device according to its output characteristic provided by the
datasheet, and i(t) is the current flowing through the device.
Given a fixed input power, the switching losses of the
onshore CSCs for conventional and the proposed scheme are
same. This can be verified by (11). The conduction loss of the
CSCs is only related to its carrying current as shown in (12).
Lower current gives lower conduction losses. Thus, the
proposed dc-link current control contributes to lower
conduction loss compared with that in conventional scheme
shown in Fig. 2.
For example, assuming the maximum wind speed in the
upper part of the bipolar system is 1 pu, while it is 0.9 pu for the
lower part. the resultant minimum dc-link reference currents
are 1.1 pu (Idc_ref1) and 0.88 pu (Idc_ref2) shown in Fig. 6. In the
case of conventional dc-link current control, the final dc-link
current of the system has to be set to 1.1 pu and flows through
both upper and lower parts. In the case of the proposed dc-link
current control, the upper and lower parts are controlled
independently with their own dc-link currents, 1.1 pu for the
upper part, and 0.88 pu for the lower part. Then, the conduction
loss under the proposed scheme is reduced to 0.75 pu according
to (12) where the base conduction loss is the loss calculated
under conventional scheme. As for an MV CSC, the conduction
loss of the switches is weighting more than the switching loss,
and the typical relationship is around Pcon = 2.4 Psw [22]. Thus,
the total operation loss of the onshore CSCs of the lower part
based on the proposed scheme is reduced to 0.82 pu compared
with conventional scheme. In addition, a larger mismatch of the
maximum wind speed between upper and lower parts
contributes to a bigger amount of operation loss saving. For
example, the operation loss of the lower part will be reduced to
0.67 pu when the maximum wind speeds for upper and lower
parts are 1 pu and 0.8 pu. The same principle also applies to the
offshore converters, thus not repeated here.

Fig. 6. Optimized dc-link current control.

The optimized dc-link current control ensures all the control
objectives achieved in monopolar system. Besides, the overall
efficiency and the flexibility of the system are improved.
For simplicity, the operation loss of onshore CSCs is taken as
an example. As for a CSC, the switching scheme is that only
two switches in the converter are conducted at any instant with
one in the top half of the CSC bridge and the other in the bottom
half [20]. Therefore, the switching (Psw) and conduction (Pcon)
loss for CSCs can be expressed as follows based on the
well-known method [21].

Psw  f sw ( Eon ( I nom ,Vnom )  Eoff ( I nom ,Vnom ))(

Pcon  (vCE 0  r  i(t ))  i(t )

i
v
)(
)
I nom Vnom

Ldc1 Idc1

#1
o
#n

#2n

Io

Ldc2 Idc2

Ldc3 Idc3

(11)

Fig. 7. Multi-terminal system.

(12)

Apart from achieving lower operation loss, the proposed
dc-link current control gives the bipolar system a higher
flexibility. As mentioned earlier, the upper and lower parts of
the system are controlled independently. Each part can operate
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The present focus is the bipolar operation of the CSC-based
system with the help of the optimized dc-link current control,
while other related objectives such as MPPT, voltage balance
control, active and reactive power control, and load current
performance (THD, for example) are already thoroughly
illustrated in [13-14], [23-25], thus not repeated here. The
performance of the bipolar operation has been verified by both
Matlab/Simulink simulation and experimental tests. The
parameters are listed in Table I.
A. Simulation Results
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(a)
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1
0
-1
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Io
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Fig. 9. Simulated performance of the bipolar system when one module is
bypassed.

-1

Fig. 9 illustrates the simulated performance of the bipolar
system when one module is bypassed. Before t = 2s, Module #1
and #2 are operating under rated condition with Idc1 = Idc2 = 1 pu.
At t = 2 s, the dc-link reference current for Module #1 is set to 0
pu purposely. As a result, the dc-link current and load current
for Module #1 are decreasing to 0 pu, while they are
maintaining at 1 pu for Module # 2 without any interruption.

(b)

Load Currents for #2 (pu)

1

-1

Load Currents for #2 (pu)

Dc-link currents (pu)

Idc1
1

Dc-link currents (pu)

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

reference current for Module #1 is stepped up to 1 pu, while
Module # 2 is increasing from 0.44 pu to 0.8 pu on purpose.
During this transient period, the dc-link currents, Idc1 and Idc2,
are well tracking their references. The current on the earth
return Io, is accordingly changed.

Load Currents for #1 (pu)

on its own dc-link reference current as an independent system
with the earth return. Therefore, one part can continue to
transmit power in case the other one is out of service for
whatever reason (power limitation mode or technical
checking). In addition, a large transmission capacity can be
achieved by extending the bipolar system to a multi-terminal
system as shown in Fig. 7.

ig2_abc

1

0
-1

1.9

1.94

1.98

2.02

2.06

t(s)

(c)

Fig. 8. Simulated performance of the bipolar system under stepped dc-link
current.

Fig. 8 illustrates the simulated performance of the bipolar
system under stepped dc-link currents. ig1_abc and ig2_abc
represent three-phase load currents for Module #1 and #2; Idc1
and Idc2 are the positive and negative dc-link current of the
bipolar system, respectively; Io is the current on the earth
return. Before t = 2s, Module #1 and #2 are operating under
steady state that the positive and negative dc-link currents are
around Idc1 = 0.6 pu, Idc2 = 0.44 pu. At t = 2 s, the dc-link

B. Experimental Results
A simplified platform is constructed to lower the cost as
shown in Fig. 10. Two MFT-based converters and two CSC
modules fed with a voltage source are employed to form a
lab-scaled bipolar system.
The experimental setup is illustrated in Fig. 11. A dc voltage
supply is used to feed the bipolar system. Two MFT-based
modules are employed as the front-end converter, and the turn
ratios of the three MFTs are set to 1:1 (with a tolerance of ±
2%). Two CSC modules are used to form the dc/ac converter.
Each CSC module consists of three integrated modules
(SKM300GBD12T4) where a diode is connected in series with
an IGBT to function a current source device. A dSPACE
DS1103 is used to implement the control algorithms and to
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communicate with the dSPACE control desk of the computer.
The modulation schemes used are phase-shifted PWM
(MFT-based converter) and SVM (CSC), respectively. As with
the simulation, tests under steady and transient states are
performed to verify the performance of the bipolar operation.
MFT #1

PWM CSC #1
ig1 Lg Rl

Idc1 Ldc1

Cf
Vin
+
-

Io
MFT #2

PWM CSC #2
ig2 Lg Rl

Idc2 Ldc2

Cf
Fig. 10. Simplified circuit for tests.

through the earth return Io is changed accordingly. Fig. 13
illustrates the experimental performance of the bipolar system
when one module is bypassed. Again, the two modules are
operating independently.
It is worth noting that the bipolar system with the help of the
optimized dc-link current control is equal to two monopolar
systems which are decoupled with each other as analyzed and
verified previously. There are two independent dc-link
currents, one is for the upper system Idc1 (Ldc1), and the other for
the lower system Idc2 (Ldc2). Therefore, there is no interaction
between the two “independent dc-link current controls” of the
equivalent two “independent monopolar systems” of the
bipolar system even if Ldc1 ≠ Ldc2. It is also worth noting that,
the situation of Ldc1 ≠ Ldc2 does not occur (tolerance due to
manufacturing technology is excluded). This is because the two
equivalent monopolar systems of the bipolar system are with
same power rating, thus producing same design in dc-link
inductors.

5

6

Idc1

3

8

7

4

1

2

Idc2

Fig. 11. Experimental setup. (1) CSC Module #1. (2) CSC Module #2. (3)
Modular MFT-based converter. (4) Dc-link inductor for Module #2. (5) Dc-link
inductor for Module #1. (6) Voltage/current sensor boards. (7) Driver interface
board. (8) dSPACE DS1103 processor board.
TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS
Simulation
Experiment
Parameters
SI
pu
SI
pu
System Rating
Nominal Power
2*1 MW
1.0
2*375 W 1.0
Grid/Load Voltage
4160 V
1.0
60 V
1.0
Rated DC-link Current
195 A
1.0
5A
1.0
Rated Grid/Load Current
138 A
1.0
3.5 A
1.0
Frequency
60 Hz
1.0
60 Hz
1.0
Generators-Side Converter (MFT-based converter)
Number of Modules
4
2
Turn Ratio of Transformers
1:1
1:1
Switching Frequency
1200 Hz
1.0
1200 Hz
1.0
Grid-Side Converter (CSC)
Number of Modules
2
2
DC-link Inductor (Ldc1= Ldc2)
60 mH
1.3
40 mH
1.5
Grid-side inductor
4.59 mH
0.1
5 mH
0.18
Grid-side Capacitor
46 µF
0.3
80 µF
0.3
Switching Frequency
540 Hz
1.0
540 Hz
1.0
Load Resistor
17.3 ohm
1.0
10 ohm
1.0
Modulation Scheme
SVM
SVM

Fig. 12 shows the experimental performance of the bipolar
system under stepped dc-link currents. Before time t Module #1
and #2 are operating under steady state with the positive and
negative dc-link currents being around Idc1 = 0.6 pu (3 A), Idc2 =
0.44 pu (2.2 A). At time t, the dc-link reference current for
Module #1 is set to 1 pu (5 A), while Module # 2 is set to 0.8 pu
(4A). Accordingly, the dc-link currents, that are Idc1 and Idc2, are
tracking their references as shown in Fig. 12. The current

Io

(a)
ig1_abc

(b)

ig2_abc

(c)
Fig. 12. Experimental performance of the bipolar system under stepped dc-link
currents. (a) Dc-link currents and neutral current. Idc1: 2 A/div, Idc2: 2 A/div, Io: 2
A/div. Time: 20 ms/div. (b) Load currents of Module #1. ig1_abc: 2 A/div. Time:
20 ms/div. (c) Load currents of Module #2. ig2_abc: 2 A/div. Time: 20 ms/div.
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