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A PWM Current-Source Converter-Based Wind
Energy Conversion System

Ling Xing , Qiang Wei , Senior Member, IEEE, and Yunwei Li , Fellow, IEEE

Abstract—Current-source converters (CSCs) are a good can-
didate for the series-connected wind energy conversion system
(WECS). However, the existing CSCs either exhibit poor generator
stator current harmonics, require bulky low-frequency transform-
ers, are limited in their application to synchronous generator-based
wind systems, or necessitate complicated modulation and commu-
tation. In this work, a new CSC is proposed and investigated.
It features a unique hybrid structure consisting of a modular
medium-frequency transformer-based voltage-source converter on
the generator side and a conventional CSC on the grid side. The
proposed converter offers superior generator stator current har-
monics performance, a smaller size, simplified modulation and
commutation schemes, and suitability for both synchronous and
induction generator-based wind systems compared with the exist-
ing converters. In addition, all the advantages of the existing CSC-
based WECS are retained. The proposed converter is discussed and
analyzed, its control scheme is introduced, and its performance is
investigated by both simulations and experiments.

Index Terms—Current-source converter (CSC), medium-
frequency transformer (MFT), wind energy conversion system
(WECS).

I. INTRODUCTION

THE series-connected wind energy conversion system
(WECS), as shown in Fig. 1, eliminates the bulky and

costly offshore substation used in the existing wind systems.
This results in significant reductions in cost, size, weight, and
power loss of existing WECS [1], [2]. Both voltage-source con-
verters (VSCs) and current-source converters (CSCs) have been
proposed for the series-connected WECS. Compared with VSCs
[3], [4], [5], [6], [7], [8], [9], [10], CSCs are considered a good
candidate for the series-connected system due to their variable
dc-link voltage operation and reliable short-circuit protection
[11], [12], [13], [14], [15], [16], [17], [18].

One of the technical challenges of the series-connected wind
system is that the generator furthest from the ground must
withstand the high-voltage dc (HVdc), while generators with
such a high insulation level are impractical. To address this
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Fig. 1. Series-connected WECS.

Fig. 2. Transformer-based CSCs. (a) LFT-based CSC. (b) MFT-based CSC.

challenge, transformers are used to isolate generators from
the HVdc. Depending on the type of used transformers, the
existing CSCs can be divided into low-frequency transformer
(LFT) based CSCs [11], [12], [13], [14] and medium-frequency
transformer (MFT) based CSCs [15], [16], [17], [18].

Fig. 2(a) shows LFT-based CSCs where LFT is used on the
generator side to isolate generators from high voltages. On
the grid side, the conventional CSC is used. On the generator
side, different converters were reported. In [11], a pulsewidth
modulation (PWM) CSC is used on the generator side, while
diode rectifier-based converters are employed in [12], [13], [14],
and [25]. Compared with the PWM CSC, the use of passive
rectifiers offers low cost and high reliability but suffers poor
generator stator current harmonics performance. The LFT is a
mature technology but features a large size and weight.

Fig. 2(b) shows MFT-based CSCs where MFT is used on
the generator side to isolate generators from high voltages. The
same as LFT-based CSCs, the conventional CSC is used on
the grid side and different types of converters were proposed
on the generator side. In [15], a single MFT-based converter
was proposed for the generator-side converter of the CSC-based
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Fig. 3. Proposed CSC.

system. It is expected to have a smaller size and weight than
the LFT, but the MFT with a high-power rating and a high
insulation level is not mature technology. To address this chal-
lenge, a modular MFT-based converter was proposed in [16] and
[17]. Thanks to the modular structure, each MFT carries partial
power, reducing the manufacturing burden of MFT. However,
the converters proposed in [15], [16], and [17] are all passive
rectifier-based ones with highly distorted generator stator cur-
rents. To solve this problem, a matrix converter was proposed
for the CSC-based wind system [18]. The matrix converter
offers superior generator stator current harmonics performance
but has a couple of drawbacks. For example, it operates as a
CSC, requiring a high number of switches and complicated
modulation, commutation, and control schemes. What is more,
the lack of dc capacitors does not benefit the WECS, particularly
under faults in which dc capacitors can help temporarily store
the energy [19]. To sum up, the existing CSCs either are bulky,
have poor generator stator current harmonics performance, or
need complicated modulation and commutation schemes. The
objective of this work is to develop a new CSC that solves the
aforementioned challenges of the existing CSCs while retaining
all their advantages.

In this work, a new CSC is proposed. It is a unique hybrid
converter composed of an active VSC connected to an MFT-
based modular converter on the generator side and a conventional
CSC on the grid side. Its operation principle is discussed, and
its control schemes are developed. It features a small size and
weight and offers superior generator stator current harmonics,
and it does not require complicated modulation and commuta-
tion schemes. In addition, all the advantages of existing CSCs
are retained. The performance of the proposed converter and
control scheme is investigated by simulations and experiments.

II. PROPOSED CSC-BASED WECS

A. Proposed CSC

Fig. 3 shows the proposed medium-voltage CSC. It has a
unique structure consisting of a two-stage VSC on the generator
side and a CSC on the grid side. A modular MFT-based converter
connected to a conventional two-level VSC is used on the
generator side and a conventional CSC is used on the grid side.
The modular MFT-based converter is composed of m identical

H-bridge converters connected in series at both input and output.
The MFTs are used to isolate the generator from high voltage to
allow the use of generators with regular insulation levels. The
modular structure of the MFT-based converter allows the use
of cost-effective low-voltage devices and enables each MFT to
carry 1/m of rated power, reducing the manufacturing burden
of MFT. Depending on the power and voltage ratings of each
wind turbine-generator unit, the conventional two-level VSC can
be replaced with different ones, such as netrual point clamped
(NPC). For example, the three-level NPC is a good candidate for
medium-voltage generator systems. In this work, the optimiza-
tion and comparison between different types of active rectifiers
are not the focus. Instead, a conventional two-level VSC is used
as a case study. On the grid side, the conventional CSC is used.
It features reliable short-circuit protection and variable dc-link
voltage operation, a good candidate for the series-connected
wind system.

One of the advantages of the proposed converter is that its
converter design can follow the existing ones. For example, the
design of the generator-side two-level VSC, including switch
selection, filter design, and dc voltage reference selection, is
the same as the existing three-phase two-level VSC used in
WECS. Refer to [19] for more details. The grid-side current
CSC, along with passive components, such as the dc inductor
and output LC filter, is designed in the same manner as the
existing grid-connected CSCs [20], [21], [22], [23], [24]. For
example, applying the voltage-second principle to the dc induc-
tor can obtain the required dc inductance. In this case study, a
1-MW 4160-V CSC is studied, and the dc inductance needed
is 45 mH. After the parameters of generator-side two-level
VSC and grid-side CSC are determined, the parameters of the
modular MFT-based converters can be determined accordingly.
For example, when the 1700-V IGBT is selected, the number of
modules (m) can be determined. The main function of MFTs is
to isolate generators. As a result, the turn ratio of each MFT is
1:1, while its optimization is not a focus.

B. Discussions

The proposed CSC solves all technical challenges of the
existing CSCs while retaining all their advantages.

Comparison with LFT-based CSCs: In the existing LFT-based
CSCs, the LFT used is bulky and heavy, posing a burden due
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to limited space in the nacelle. On the other hand, the MFT is
smaller and lighter [28], providing significant benefits for wind
systems, particularly offshore wind systems. However, the MFT
used in the proposed WECS is high-power and high-voltage in-
sulated, which is considered an immature technology. To address
this issue, a modular MFT-based converter is introduced in which
each MFT carries a portion of the rated power. This approach
reduces the manufacturing burden of MFTs and positions the
proposed modular MFT-based CSC as a promising candidate
for series-connected wind systems.

Comparison with MFT-based CSCs with passive rectifiers:
Diode rectifier-based CSCs feature low cost and complexity, as
well as high reliability and scalability. However, they have two
main drawbacks. First, they result in highly distorted generator
stator currents, leading to increased losses, high torque rip-
ples, and a shortened service timespan of generators [19], [27].
Second, they are limited to synchronous generator-based wind
systems and cannot be used in induction generator-based wind
systems [19]. In the proposed CSC, an active rectifier is utilized,
offering superior harmonics performance. Furthermore, it can be
applied to both induction generator- and synchronous generator-
based wind systems. In additon, it can be extended for use in
wind systems with different ratings by replacing the two-level
VSC in this case study with different converters, such as NPC,
cascaded H-bridge (CHB), and others. Although the proposed
CSC using an active rectifier is more expensive and requires
more complicated control compared with diode rectifier-based
CSCs, it is a well-proven technology in the industry.

Comparison with MFT-based CSCs with active rectifiers: In
the existing active rectifier-based CSCs, a matrix converter is
utilized. However, it operates as a CSC, which necessitates
intricate modulation and commutation schemes [18]. Moreover,
this operation mode demands the use of switches with reverse
voltage blocking capability, resulting in the adoption of more ex-
pensive and less efficient bidirectional switches [27]. In additon,
the absence of dc capacitors in the matrix converter proves to
be a disadvantage for wind systems. Conversely, the proposed
converter incorporates the use of dc capacitors, providing the
advantage of facilitating fault transitions in wind systems. There-
fore, the proposed converter overcomes these drawbacks by
offering simplified modulation and commutation schemes while
utilizing cost-effective unidirectional switches. Furthermore, the
inclusion of dc capacitors greatly aids in fault management in
wind systems. Consequently, the proposed converter presents a
favorable solution for the enhancement of active rectifier-based
CSCs.

Efficiency: Under rated conditions with a hard switching
technique and a switching frequency of several hundred hertz,
the estimated efficiency breakdown of the proposed power con-
verter is generator-side VSC = 99% [26], modular H-bridge
converter = 99% [27], MFT = 99.3% [28], dc-link induc-
tor = 98% [29], and grid-side CSC = 98.8% [29]. This leads to
an overall efficiency of approximately 94%. The efficiency of the
LFT-based CSC is slightly lower than that of the proposed CSC.
This is primarily due to the lower efficiency of the LFT, which
typically ranges from 95% to 98%, whereas in the proposed
CSC, the MFT is expected to achieve a higher efficiency of

Fig. 4. Simplified circuit of the converter under VSC and CSC modes.

Fig. 5. Series-connected wind system consisting of the proposed CSCs.

99.3% [28]. On the other hand, the MFT-based CSC with a
passive rectifier can achieve a higher efficiency of around 95%,
thanks to the use of a passive rectifier rather than the active
rectifier in the proposed converter. The existing MFT-based CSC
with an active rectifier exhibits a similar efficiency performance
to the proposed CSC.

III. PROPOSED CONTROL SCHEME

The proposed CSC has a unique structure consisting of a
two-stage VSC on the generator side and a CSC on the grid side.
Theoretically, it can operate as either a VSC or a CSC. In the
VSC mode, as shown in Fig. 4, the voltage Vdc is controlled to
remain constant, while the modular MFT-based converter and
the grid-side CSC function as a grid-side converter where the
current Idc is variable. In the CSC mode, the dc-link current
Idc is controlled as a constant, while the modular MFT-based
converter and the two-level VSC function as the generator-side
converter where the voltage is Vdc variable. The CSC mode
allows the series-connected wind system, consisting of the pro-
posed converters, as shown in Fig. 5, to retain unique advantages,
such as reliable short-circuit protection and variable dc voltage
operation. On the other hand, the VSC mode simplifies the
control system design of the generator-side converter, including
the two-level VSC and the modular MFT-based converter for
each turbine-generator unit. Therefore, to ensure the benefits of
both the series-connected wind system and the power converter
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Fig. 6. Proposed hybrid control of the proposed converter.

for each turbine-generator unit, a hybrid control scheme that
combines the CSC and VSC modes is proposed.

The hybrid control scheme is illustrated in Fig. 6 and includes
three parts: generator-side control, grid-side control, and the
control of the modular MFT-based converter.

1) Generator-side controls: maximum power point tracking
(MPPT) and generator speed control.

2) MFT-based modular converter controls: dc capacitor volt-
age control and voltage balancing of the modular con-
verter.

3) Grid-side controls: dc-link current control and reactive
power control.

A. Generator-Side Converter Controls

The generator-side converter controls the active wind power,
while its output voltage, the dc voltage Vdc is controlled as a
constant achieved by the control of the MFT-based converter. On
this basis, the proposed converter is simplified and equivalent
to the one, as shown in Fig. 7, in which a constant voltage
source is used to represent the load of the generator-side VSC.
In doing so, the existing generator controls can be applied
directly [19].

Fig. 7. Equivalent circuit for generator-side converter.

The use of the active rectifier allows the use of both syn-
chronous generators and induction generators. In the following,
controls for both types of generators are presented.

1) Synchronous generator control: All the well-proven con-
trols, including the zero d-axis current control (ZDC),
maximum torque per ampere control, and unity power
factor control, can be applied to the proposed converter. In
the following, the ZDC is taken as an example. As shown
in Fig. 6, the MPPT is achieved by the optimal torque
control (OTC) [19], and the generator is controlled by the
ZDC [19]. According to the measured rotor speed ωm,
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Fig. 8. Equivalent circuit for MFT-based modular converter.

the OTC outputs the reference torque Te-ref, which then
gives the torque-producing stator current reference iqs-ref.
iqs-ref is calculated based on the ZDC scheme in which
the d-axis stator current reference ids-ref is set to 0

Te =
3

2
Pλriqs (1)

where P is the pole pairs and λr is the rotor flux linkage.
The measured three-phase stator currents (ias, ibs, and ics) are

transformed into the dq-axis currents (ids and iqs), which are then
compared with their respective reference currents (ids-ref and
iqs-ref). The resultant errors are then sent to PI controllers, which
generate the dq-axis reference voltages (vds-ref and vqs-ref) for
the generator-side converter. The use of dq/abc transformation
gives abc-frame reference voltages (vas-ref, vbs-ref, and vcs-ref),
which are then sent to the PWM generation block. In this study,
a conventional sinusodial pulse width modulation (SPWM) is
used, and in both abc/dq and dq/abc transformations, the rotor
position angle θr is used. The stator voltages of the generator
are then controlled according to their references such that the
active power is controlled.

2) Induction generator control: The existing well-used con-
trols, such as the direct field-oriented control (FOC),
indirect FOC, and direct torque control, all can be used
here directly. The direct FOC is taken as an example. As
shown in Fig. 6, the implementation of the direct FOC is
similar to that of the ZDC except that the direct FOC has
one more control loop, the rotor flux control. The rotor
flux controller outputs the d-axis stator current reference
ids-ref, which, however, is set to zero in the case of ZDC.
Other than this, the two controls are the same and, thus,
not repeated. Refer to [19] for more details, including the
comparison between different controls.

B. MFT-Based Modular Converter Controls

The MFT-based modular converter controls the dc voltage Vdc

to be a constant in the full operation range. The dc current Idc is
controlled by the grid-side converter. Therefore, from the control
system design perspective, the proposed converter is equivalent
to the one, as shown in Fig. 8. The input of the MFT-based
converter is represented by a voltage-controlled current source
Iin and the output by a constant current source. Note that the
constant current source has different values under different
wind speeds, which will be discussed in the grid-side converter

Fig. 9. Equivalent circuit for grid-side converter.

control. In addition, the modular structure of the MFT-based con-
verter requires power balancing control. As shown in Fig. 8, all
the modules share the same Idc at the output, but there is a voltage
imbalance issue due to parameters mismatch. For example, the
turn ratio of all the transformers is set to 1:1, which, however,
is not guaranteed due to the existence of tolerance. Then, the
module with a higher turn ratio suffers a higher capacitor voltage.
However, the structure of the series connection at both input and
output is not stable upon a mismatch, and the voltage balancing
control is needed.

As shown in Fig. 6, the measured dc voltage Vdc is compared
with its reference Vdc-ref value. Note that the reference voltage
Vdc-ref is selected as same as the existing VSC-based wind
systems [19], thus not repeated here. The error is sent to the
PI controller that generates the current reference idc-ref1. The
required duty cycle dc for dc voltage control is then obtained
by comparing the reference current idc-ref1 and actual dc current
idc. Voltage balancing control is introduced to ensure voltage
balancing. As shown in Fig. 6, the measured capacitor voltages
vc1 and vcm are compared with their reference values; and
the errors then go through the PI controllers, respectively, to
generate the required duty cycles for voltage balancing. The final
duty cycle for each module includes two parts: dc andΔdm. The
former is to ensure dc voltage control, while the latter ensures
voltage balancing.

The dc current reference idc-ref1 is physically referring to the
generator-side dc current reference that is needed to achieve
generator-side control objectives, including the MPPT and gen-
erator speed control as well as the dc voltage control and power
balancing control. For example, with the dc current idc lower
than this current reference idc-ref1, the dc voltage control is not
achieved, which, in turn, results in a failure of active power
control. Therefore, this dc current reference idc-ref1, as shown in
Fig. 6, is sent to the grid-side converter for the dc current control.

C. Grid-Side Converter Controls

The grid-side converter is responsible for the dc current
control and reactive power control. The simplified equivalent
circuit is shown in Fig. 9 in which the input is represented by a
current-controlled voltage source in series with the dc inductor.
The control scheme is designed and shown in Fig. 6.
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As shown in Fig. 6, the grid-side control includes two in-
dependent control loops in the dq-frame, one is the dc current
control loop and the other is the reactive power control loop.
The d-axis grid current reference (idg-ref) is obtained by the dc
current PI controller. The reference for the q-axis grid current
(iqg-ref) is obtained according to the following reactive power
reference (Qg-ref) and the d-axis grid voltage (vdg)

Qg = −3

2
vdgiqg. (2)

The references for the dq-axis converter PWM currents
(idwi-ref and iqwi-ref) are calculated considering the capacitor
currents of the grid-side converter with the relationship given as
follows:

idwi−ref = idg−ref − icd = idg−ref + ωgCfvcq

iqwi−ref = iqg−ref − icq = iqg−ref − ωgCfvcd (3)

where ωg is the grid frequency, icd and icq are the dq-axis
capacitor currents, and vcd and vcq are the dq-axis capacitor
voltages.

The amplitude (idc-ref2) and delay angle (αi) of the grid-side
converter then can be calculated based on the Cartesian-to-polar
transformation

idc−ref2 =

√
(idwi−ref)

2 + (iqwi−ref)
2

αi = tan−1(iqwi−ref/idwi−ref). (4)

The required modulation index (mi) for the converter is then
obtained by dividing the PWM current reference (idc-ref2) by
the dc current idc. And the required angle of the converter PWM
current (θwi) is calculated based on θwi = θg − αi in which
θg is the grid voltage angle obtained based on the phase lock
loop (PLL) block. After applying mi and θwi to the grid-side
converter, both reactive power and dc current are controlled.

Note that both the dc current reference (idc-ref1) generated by
the generator-side control (including the MFT-based converter
control) and the one (idc-ref2) generated by the grid-side control
should be considered to determine the dc current reference
(idc-ref). The larger one of the two references is selected to be the
dc current reference idc-ref such that the controls at both sides are
achieved. Refer to [16], [17], and [18] for details of dc current
reference determination.

In summary, compared with the existing CSC-based convert-
ers, the proposed control has an extra dc voltage control, while
compared with the existing VSC-based converters, the proposed
control has an extra dc current control. By applying the proposed
control scheme, controls on both sides are achieved, and power
balancing is ensured as well.

IV. INVESTIGATION OF THE PROPOSED POWER CONVERTER

Both MATLAB simulation and lab-scale experiments are
conducted to study the performance of the proposed converter
and control scheme. The used parameters are listed in Table I
in which transformer turn ratios used in simulations are set to
different purposely to simulate the mismatch in practice.

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

A. Simulated Results

Fig. 10 shows the simulated waveforms under both steady and
dynamic states. Before t= 1.5 s, the converter is operating under
rated conditions. At the generator side, the generator torque Te

is controlled at its reference value Te-ref obtained by the OTC,
and both terminal voltage (vas) and stator current (ias) are at
rated values. The controls of the MFT-based converter are also
achieved. The dc voltage is controlled at 1 p.u. and it is evenly
distributed among the capacitors (vc1 = vc6). At the grid side,
the dc current is controlled at its rated value and the real power
and reactive power are controlled to be 1 and 0 p.u.

At t = 1.5 s, the voltage balancing control is removed. As
a result, the capacitor voltages are starting to deviate due to
the tolerance/mismatch of the used transformers. As discussed
earlier, the modules with higher turn ratios are suffering higher
capacitor voltages, and here that is vc1 that increases to 1.3 p.u.,
while vc1 decreases to around 0.75 p.u. At t = 2 s, the voltage
balancing control is switched in, and as a result, the capacitor
voltages are tracking their reference values and go back to the
balance again. During this period of time, the generator-side
controls, as shown in Fig. 10(a), the grid-side controls, as shown
in Fig. 10(c), and the dc voltage control of the MFT-based
converter, as shown in Fig. 10(b), are achieved.

At t = 2.5 s, the generated reference torque Te-ref starts to
decrease from −1 down to −0.5 p.u. at t = 2.75 s, and then
is kept constant. With the proposed control, its actual torque is
tracking well with the reference torque, the generated terminal
voltage (vas) and current (ias) at the generator side decrease
accordingly, the dc voltage (vdc) is kept constant under control
and the capacitor voltages are well balanced under control, and
the captured real power (pg) decreased from 1 to around 0.25 p.u.
at the grid side accordingly. The dc current (idc) is well tracking
its reference idc-ref that is reduced from 1 to around 0.58 p.u.
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Fig. 10. Simulated waveforms under steady and dynamic states synchronous
generator. (a) Waveforms of generator-side converter. (b) Waveforms of MFT-
based converter. (c) Waveforms of grid-side converter.

to lower power loss as well as ensure the grid-side control. The
reactive power is controlled to 0 achieving a unity power factor
at the grid side. To sum up, the above-simulated results verify
the effectiveness of the proposed control scheme in achieving
these defined control objectives.

Fig. 11 shows the simulated results of the power converter
when used for an induction generator wind system under the
same conditions as the synchronous generator wind system. As
discussed earlier, the only difference between the synchronous

Fig. 11. Simulated waveforms under steady and dynamic states induction
generator.

generator and induction generator wind systems is the genera-
tor control, while the proposed power converter’s performance
remains the same. As shown in Fig. 11, the waveforms of the
proposed converter fed by an induction generator are the same
as those in Fig. 10 under the same conditions. The details of the
waveforms are not repeated here.

Fig. 12 shows the simulated waveforms during the startup
of the permanent magnet synchronous generator (PMSG) wind
system. At t = 0.1 s, the generator torque Te starts to increase
following its reference up to its rated value at t = 0.6 s and is
then kept constant. The rotor speed ωm changes in the same
manner. At t = 0.6 s, it reaches the rated speed. The gen-
erator outputs, including the phase voltage (vas) and current
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Fig. 12. Simulated waveforms of the proposed converter during startup.

(ias), are also illustrated in Fig. 12. During the startup, the
voltage Vdc of the generator-side converter is controlled to
track its reference value Vdc-ref, which is set in proportion to
the generator rotor speed. The dc-link current Idc during the
startup is controlled differently. During the startup, that is before
t = 0.6 s, in which the rotor speed is not reaching its rated value
and the captured power is low, the dc-link current reference is
set to a lower value. At t = 0.6 s, the system reaches its rated
conditions and the Idc starts to be controlled to follow its rated
value. It is worth noting that different control scenarios can be
applied to the startup. The one illustrated here is an example.

As analyzed earlier, one of the advantages of the proposed
CSC is its superior generator stator current harmonics perfor-
mance over the conventional diode rectifier-based CSC [16].
Fig. 13 shows the simulated waveforms of stator current and its
harmonics profile of the two types of CSC under rated condi-
tions. As shown in Fig. 13, the proposed CSC has a much better
harmonics performance of a total harmonic distortion (THD) of

Fig. 13. Simulated harmonics performance of active rectifier- and passive
rectifier-based CSCs.

Fig. 14. Lab-scale experimental setup. (a) Circuit of the experimental setup.
(b) Photograph of the experimental setup.

around 6%, while it is 30% for the diode rectifier-based CSC
[16].

B. Experimental Results

A down-scale setup, as shown in Fig. 14, is built to verify the
performance of the proposed converter and control. As shown
in Fig. 14, a variac is used to function the turbine-generator set,
a transformer is used at the grid to step up the output voltage to
the grid voltage level, and an extra resistor (Rp = 600 Ω) is used
to introduce voltage imbalance of the MFT-based converter. The
parameters are listed in Table I.

Fig. 15 shows the experimental waveforms of the proposed
converter under both steady state and dynamic state. Fig. 15(a)
and (b) shows the steady-state performance of the proposed
converter under rated condition in which the generator-side
voltage Vs (line-to-line voltage)= 71 V and the grid-side voltage
Vg (line-to-line voltage) = 104 V. As shown in Fig. 15(a),
the generator-side current ias (phase current) = 7.1 A is well
controlled under steady state. The phase displacement between
Vs and ias is 30°, which indicates a unity power factor at the gen-
erator side. The dc voltage (Vdc = 160 V) and the dc current (Idc
= 6.5 A) are all well controlled to be their respective references.
Fig. 10(b) shows the steady-state waveforms of the grid voltage
and the grid current under the same rated condition. As shown in
the figure, the grid voltage Vg (line-to-line voltage) = 104 V and
the grid current iag (phase current) = 4.3 A under a unity power
factor control (Qg-ref = 0) are well achieved under steady state.

Fig. 15(c)–(e) shows the experimental waveforms under
dynamic state. For the wind system where a turbine-generator
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Fig. 15. Experimental waveforms of the proposed hybrid CSC. (a) Generator-side voltage and current and the dc-link voltage and current under steady state.
(b) Grid-side voltage and current under steady state. (c) Generator-side voltage and current and the dc-link voltage and current under dynamic state. (d) Generator-side
voltage and current and the dc-link voltage and current under dynamic state. (e) Capacitor voltage under dynamic state.

set is used, the generator-side voltage and current are changed
at the same time under wind speed change. Since a variac is
used in the experiments to simulate the turbine-generator set,
its voltage and current cannot be changed at the same time.
Therefore, two experiments are conducted, one is with constant
generator-side voltage Vs, while the generator-side current ias is
changed, and the other is with constant generator-side current,
while the generator-side voltage is changed. Fig. 15(c) shows
the performance under a stepped change of ias in which ias is
controlled to step from 3.5 to 7 A. Under such a change, the dc
voltage vdc = 160 V is well ensured, and the dc current Idc is
changed accordingly to ensure both control objectives at both
generator and grid sides. Similarly, as shown in Fig. 15(d) in
which ias is kept at 7 A, while the Vs is increased from around
35 to 70 V by manually regulating the variac, the dc voltage
control ensures Vdc = 160 V, and the dc current control gives
a corresponding change. Fig. 15(e) shows the performance of
the voltage balancing control under both steady and dynamic
states. As shown in the figure, with the balancing control, Vc1

= Vc2 is ensured, while without the balancing control, a voltage
deviation occurs. Vc1 is decreased while Vc2 is increased due to
the use of the extra resistor Rp. To sum up, the above simulated
and experimental results well verify the performance of the
proposed converter and the proposed control scheme.

Fig. 16 shows the experimental harmonic profile of the stator
current ias. As shown in the figure, compared with the diode
rectifier-based CSC [16] where the stator current is highly dis-
torted, the stator current harmonics performance of the proposed
active rectifier-based CSC is significantly improved. Note that
the experimental THD (around 9%) is slightly higher than the
simulated value (6%). The active rectifier offers superior current
harmonics performance, and it is a well-proven conclusion, refer
to [27] for more.

Fig. 16. Harmonics profile of the experimental current.

V. CONCLUSION

A new power converter is proposed and investigated for
the CSC-based WECS. It features a unique hybrid structure
comprising an active VSC connected to a modular MFT-based
converter on the generator side, as well as a CSC on the grid
side. This unique hybrid structure necessitates the proposal of
a hybrid control scheme. In comparison to the existing CSC-
based systems, the proposed converter employs an additional dc
voltage control, while compared with the existing VSC-based
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systems, it introduces an extra dc current control. In additon, a
voltage balancing scheme is adapted for the modular MFT-based
converter. Simulation and experimental studies have been con-
ducted to verify the performance of the proposed converter and
the effectiveness of the control scheme. The results demonstrate
that the proposed CSC outperforms existing LFT-based CSCs
in terms of size and weight, thanks to the utilization of modular
MFTs. Compared with the existing MFT-based CSCs with pas-
sive rectifiers, the proposed CSC offers superior performance in
generator stator current harmonics, resulting in reduced losses,
low torque ripples, and an extended service lifespan for gen-
erators. Moreover, the proposed CSC is suitable for both syn-
chronous and inductor generator-based wind systems, whereas
passive rectifier-based CSCs can only be used with synchronous
generators. Unlike MFT-based CSCs with active rectifiers, the
proposed CSC eliminates the need for complicated modulation
and commutation schemes. In additon, the cost and complexity
associated with switches are reduced since the generator-side
converter does not require bidirectional switches, which are
needed in the existing ones.
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