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ABSTRACT For large offshore wind turbines, cascaded H-bridge wind power converters can raise the wind
generator voltage to a medium voltage level such as 10kV, which is favored for reducing the generator
current, mitigating issues such as cable twisting in low-voltage, high-current configurations. In order to
reduce the number of required active power devices, this paper presents a unidirectional-power-flowmedium
voltage high-power cascaded wind power converter. The proposed topology uses a unidirectional cascaded
H-bridge rectifier as the generator-side converter to connect the medium-voltage permanent synchronous
wind generator. The proposed topology reduces the number of active power devices and their associated
gate driver circuits, control, etc. A zero deadtime modulation method is also presented for the generator
side converter, which can eliminate the deadtime and improve the voltage and current waveform quality.
Furthermore, the proposed topology will not increase the converter power losses as analyzed in the paper,
or sacrifice dynamic control performance. Simulation and experiment results are presented, which validate
the proposed unidirectional power conversion system.

INDEX TERMS Cascaded H-bridge, unidirectional power flow, wind power converter, zero deadtime
modulation.

I. INTRODUCTION
Wind power as a renewable energy source plays an important
role in low-carbon, clean and sustainable energy systems [1].
In the past two decades, wind power has experienced rapid
development and the cumulative global installed wind power
capacity has reached 837GW in 2021 [2] and is still growing
rapidly.

The increase of wind power installation also promotes
the development of wind power converter technolo-
gies [3], [4], [5], [6], [7]. Wind power converters are critical
equipment in wind power conversion systems, transfer-
ring power from the wind generator to the grid [3].
The mainstream high-power (MWs) variable-speed wind
converter technologies are based on either doubly-fed-
induction-generators (DFIGs) with partially rated rotor-side
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converters [7] or direct-drive permanent magnet synchronous
generators (PMSGs) with full-power back-to-back convert-
ers [8]. Conventionally, the voltage level for these systems
is 690V.

In order to increase the amount of captured wind power
per turbine and reduce the average cost of wind power
generation, the power level of a single wind turbine also
increases rapidly [9]. In addition, it is generally the case
that the maintenance cost of fewer larger wind turbines is
lower than those with smaller wind turbines. Hence, larger
wind turbines are preferred. At present, the power rating of
a single offshore wind turbine has reached 14MW, and is
being developed towards even higher power levels [10]. For
large wind turbines in the range between 10-20MWs, the low-
voltage (e.g., 690V) systems suffer from many engineering
issues, such as excessive current, large number of paral-
leled units, lower efficiency, and difficulty in twisting bulky
cables [11].
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Development of medium-voltage high-power wind con-
verters is an effective way to mitigate the above issues.
In the medium voltage range (3kV∼33kV), the neutral-point
clamped (NPC) three-level wind power converters are widely
used where the converter AC side voltage can cover 1.14kV,
3.3kV or 4.16kV [5], [12], [13], [14]. One of the concerns
of multilevel converters is the large number of active power
devices needed. In view of the unidirectional power flow
characteristics of wind turbines, i.e., from the generator to
the grid, in order to reduce the number of power devices,
the unidirectional Vienna-type three-level converter can be
used, where the main active power devices such as IGBTs
can be replaced by diodes [15], [16], [17]. This simplifi-
cation thanks to the unidirectional power flow can reduce
the cost of power devices, reduce the number of required
gate drivers, reduce failure rates of the active devices and
remove the need of deadtime in the modulation. However, the
above NPC-type converters still suffer from reliability issues,
where when one of the devices of the converter fails, the
whole converter has to stop running. This can be problematic
given the high maintenance and repair cost/cycle for offshore
applications. Furthermore, with the three-level structure, the
AC-side voltage cannot exceed 4.16kV without connecting
devices in series. Hence, paralleling converters or devices
are still needed due to the high current in high-power wind
turbines

FIGURE 1. Wind power conversion system using the cascaded H-bridge
converter.

In order to further raise the voltage level, a cascaded
H-bridge (CHB) wind power converter topology was pre-
sented in [11], [19], as shown in Fig.1. This topology has
a similar structure as the conventional CHB converter in
motor drive systems, but with the opposite power flow direc-
tion. The wind generator is connected to the CHB recti-
fier where the generator voltage can be as high as 10kV,
and each H-bridge unit is connected to the grid (33kV or
66kV) through a three-phase inverter and a multi-winding
grid-frequency (50Hz/60Hz) transformer. The higher voltage
level can be achieved by this topology using low-voltage
power devices. The high voltage, hence the lower current
can significantly reduce the copper losses (I2R), cable weight
and mitigate the cable twisting problem. Moreover, it has

a modular structure and fault-tolerant operation capability,
which is suitable for 10-20MW large wind turbines.

However, in this topology shown in Fig. 1, each CHB
converter is in essence a single-phase converter, where there
is large low-frequency (double of the fundamental frequency)
power ripple in each cell, requiring large DC capacitors
to attenuate the dc-link voltage ripple. In [19], a control
method was proposed to balance the power, including the
ripple power, between the grid-side inverter and the H-bridge
rectifier, thus reducing the required dc-link capacitors. Ref-
erence [20] further proposes a new cascaded wind power
converter based on a four-port isolated DC/DC converter as
shown in Fig. 2, to eliminate the low-frequency pulsating
power. In this topology, the low-frequency power ripple from
the single phases can be transferred to the magnetic core
of the four-winding high-frequency transformers and then
cancelled.

Although the cascaded H-bridge wind power converter
shows many advantages as mentioned above, a large number
of power devices are required. In [22], several unidirectional-
power-flow rectifiers are evaluated and compared, proving
the unidirectional-power-flow cascaded H-bridge rectifier
has lower cost and higher reliability. In [23], the modeling
and control of unidirectional power-flow cascaded H-bridge
rectifier was presented. Conventional unidirectional power
flowing converter has to work at unity power factor condition.
Otherwise, the converter current will be distorted at the zero-
crossing points. In contrast, the unidirectional-power-flow
cascaded H-bridge rectifier has the ability to work when the
power factor is lower than 1, as analyzed in [24].

FIGURE 2. Power conversion system using the cascaded H-bridge
converter with quad-active-bridge DC/DC converter in wind power
systems [20]: (a) The overall structure and (b) single power module.
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Based on the topology in Fig. 2, this paper presents a
unidirectional-power-flow medium-voltage cascaded wind
power system by replacing two active power devices with
diodes at the upper bridge arm in each H-bridge rectifier as
will be shown in Fig.3 and Fig.4. Reducing the number of
power devices is beneficial for reducing the cost of power
devices and improving the system reliability. The proposed
topology can realize wind power generation in steady-state
and dynamic conditions without increasing the system losses
or sacrificing control performance. Moreover, with a pro-
posed zero deadtime modulation method, there is no need
to set deadtime for the generator-side converter, which is
beneficial for reducing the low-frequency harmonics of the
converter output voltages and currents. Finally, simulation
and experiment results are presented, which verifies the pre-
sented system.

II. UNDIRCTIONAL-POWER-FLOW WIND POWER
CONVERTER
For each H-bridge cell, after replacing the two power devices
in the upper bridges with two diodes, unidirectional-power-
flow H-bridge cell can be derived as shown in Fig. 3. In this
case, the power can only flow from the AC side to the DC
side. Fig. 4 shows the topology of a single power module,
where the input rectifiers have all been replaced with the

FIGURE 3. Derivation of unidirectional-power-flow H-bridge converter
(rectifier): (a) H-bridge cell and (b) unidirectional H-bridge cell.

FIGURE 4. One power module of the proposed the wind power
generation system with unidirectional-power-flowing.

unidirectional structure (two diodes) in comparison to the
original structure shown in Fig.2(b). The overall config-
uration of the wind converter is the same as that shown
in Fig. 2(a), where only the input rectifiers are changed.
The proposed topology not only can reduce the number of
required active power devices of the generator-side converter
(rectifier) by half, but also can output the same high voltage
as the original converter shown in Fig.2. Therefore, for a
10kV/15MW offshore wind power system, the number of
required power devices can be significantly reduced given the
large number of cells used.

Assuming low-voltage (e.g. 1700V) power devices are
selected to construct the proposed converter, the dc-link
voltage of the cascaded H-bridge converter can be set
around 1100V. Then, the number of cascaded stages n will
be

n ≥
ug

√
3 ×

udc√
2

= 8.16 ≈ 9. (1)

For a 15MW/10kV wind turbine system, the rated current
of the generator-side converter can be calculated by

ig =
P

√
3ug

= 866A. (2)

As seen, since the cascaded H-bridge converter can raise
the generator voltage level to 10kV, the corresponding cur-
rent is not very large (866A) for a 15MW wind turbine.
At present, the current rating of a single 1700V IGBT device
can reach 3600A and that of a single 1700V fast diode
can reach 1800A. Therefore, the proposed generator-side
CHB converter (rectifier) with unidirectional power flow for
a10kV/15MW wind turbine system can be built with com-
mercially available power devices. For example, with some
margin, the active power devices can use the 1700V/1600A
IGBT module FZ1600R17HP4_B21 from Infineon and the
diodes can be 1700V/1800A fast diode module RM1800HE-
34S from Mitsubishi. Basically, diodes with a similar cur-
rent rating as the IGBTs can be used. For the isolated
DC-DC converters shown in Fig.4, if IGBT devices are used,
the current level of a single commercial IGBT is sufficient
to output the required power. However, if SiC MOSFETs
are used to construct the above system, the current level of
a single commercial SiC MOSFET may not be enough at
present, given the required safety margin. Hence, two or three
SiC MOSFETs can be connected in parallel to output the
required power, e.g, using 1700V/650A SiC MOSFETs from
Wolfspeed.

III. ZERO DEADTIME MODULATION METHOD
One important advantage for the proposed converter is that
deadtime is not required for the generator-side converter.
This section presents a zero deadtime modulation method to
control the generator-side converter.

For the conventional cascaded H-bridge converter, a dead-
time is required to avoid short circuit state between the upper
and lower switches. However, the existence of deadtime will
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negatively affect the converter output voltage, introducing
low-frequency harmonics. In general, the negative effect of
deadtime varies with the modulation index M . With the
decrease of the modulation index, the negative effect of the
deadtime will be more obvious. For the wind power system,
below the rated wind speed, the wind generator speed need
to track the change of wind speed and thus output more
power (maximum power point tracking, MPPT). Therefore,
the modulation index of the generator-side converter can be
low, where generator stator voltage and current can contain
low-frequency harmonics, which increases the losses of gen-
erator, raise the temperature of windings and cause torque
fluctuation issues.

A. ZERO DEADTIME MODULATION METHOD
Since the power devices of the upper bridge has been
replaced by diodes in the proposed converter, the upper bridge
and lower bridge will not be conducting at the same time
(shoot through). Therefore, there is no need to set the dead-
time. However, given the unidirectional-power-flow cascaded
H-bridge cannot output negative voltage level, extra modula-
tion techniques should be used to ensure the proper operation
of the converter.

Fig. 5 shows six effective working states of a
unidirectional-power-flow H-bridge converter. Here, the pos-
itive direction of the current ix is flowing from the AC side to
the DC side. When ix is positive, if the reference voltage ux
is also positive, the converter can output positive voltage or
zero voltage as shown in Fig. 5(a) and Fig. 5(b), respectively.

FIGURE 5. Six working states of one unidirectional power flow cell.

If the reference voltage ux is negative, the converter can only
output zero voltage as shown in Fig. 5(c).When ix is negative,
there are three other switching states as shown in Fig. 5(d)
to Fig. 5(f).

Based on the above analysis, a zero deadtime modulation
method can be derived for the proposed unidirectional-power
flow converter, where the flowchart is shown in Fig. 6. As can
be seen, this method is like the phase disposition modulation
method, but the direction of current ix should be judged.
Specifically, when the current direction is positive, the con-
verter does not have the ability to output negative voltage.
In this case, if the reference voltage is negative, the converter
will output zero voltage level.While if the reference voltage is
positive, the converter can directly output the desired voltage
level. When the current direction is negative, the converter
does not have the ability to output positive voltage, meaning
the positive reference voltage should be replaced by the zero-
voltage level.

FIGURE 6. Flowchart of the zero deadtime modulation method.

B. LOSSES ANALYSIS
This part analyzes the power losses of the generator-side
converter. The power losses of the power device consist of
two parts, i.e., the conduction loss Pcon,X and the switching
losses Psw,X [25], as presented in (3) and (4), as shown
at the bottom of the next page, where, f (ωt) is the mod-
ulation function, representing the device conducting duty
cycle, which varies for different devices; vce0 is the device
initial voltage drop; icm is the load peak current; r0 is the
equivalent resistance, representing the linear region of
the device voltage drop; fsw is the switching frequency; vce is
the device voltage drop; vceN is the device voltage drop at the
rated current. A0, B0, C0 describes the relationship between
the switching energy and current.
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In order to compare the power losses of the conventional
phase disposition modulation for the CHB converter and
the proposed zero dead-time modulation for the proposed
unidirectional power flow CHB converter. Fig. 7 shows the
conducted power devices within one fundamental generator
output cycle of the above two modulation methods. Table 1
lists the conduction intervals and modulation function for the
phase disposition modulation and the proposed zero dead-
time modulation method. Table 2 lists the switching inter-
vals of the two methods. As seen, when the polarity of the
converter voltage and current are the same, the conducted
power devices of the two modulation methods are the same.
When the converter voltage and current are opposite, the
conducted power devices are different. Further, considering
the generator-side converter is usually working around unity
power factor (cosθ =1), the polarity of the converter voltage
and current will be the same in most of the time, meaning the
power losses of the two methods can be treated as the same.

FIGURE 7. The conducted power devices of two kinds of converters
within one generator cycle.

TABLE 1. The conduction interval and modulation function.

In order to verify the above analysis, the simulation model
of a 10kV/15MW cascaded H-bridge wind power system
with five stages is built in PLECS. The power devices are

TABLE 2. The switching intervals of the two modulation methods.

TABLE 3. The device loss and converter efficiency of the two converters
under different modulation methods.

the 3300V/1500A IGBT power modules (FZ1500R33HL3)
from Infineon. Table 3 shows simulated power losses for
the cascaded H-bridge converter and the proposed unidirec-
tional power-flow converter. For the conventional converter,
the phase-shifted or phase disposition modulation can be
used. The zero dead time modulation method is used for the
proposed unidirectional power-flow wind power converter.
As seen, when the equivalent switching frequencies of the
three methods are configured as 20kHz, the practical switch-
ing frequency of each power device will be 2kHz. Therefore,
the power losses of these methods are almost the same.

These simulation results for power losses can prove the
proposed modulation method will not introduce extra losses
with reduced number of active power devices.

Fig. 8 shows the simulated power losses for the CHB con-
verter and the proposed wind power converter. As seen, the
proposed unidirectional-power-flow power converter have
similar conduction losses and switching losses with the con-
ventional CHB converter when the equivalent switching fre-
quencies are the same.

IV. ANALYSIS OF THE CURRENT DISTORATION ISSUES
FOR WIND POWER SYSTEMS
In general, unidirectional-power-flow converters, e.g. the
classical Vienna converter, should work at the unity power
factor condition. Otherwise the converter current will be
distorted at zero-crossing points. In contrast, the proposed
unidirectional-power-flow converter can still work well when

pcon,x =
1
2π

∫ θ2

θ1

f (ωt) × {vce0 × icm sin(ωt + ϕ) + r0×(icm sin(wt + ϕ))2}dωt (3)

psw,x =
fsw
2π

×
vce
vceN

∫ θ2

θ1

{A0 + B0 × icm sin(ωt + ϕ) + C0×(icm sin(wt + ϕ))2}dωt (4)
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FIGURE 8. Device power losses of two converters: (a) H-bridge cell using
phase disposition modulation and (b) unidirectional-power-flow
converters using zero deadtime modulation.

the power factor is not 1, depending on the modulation
indexM .

Fig. 9 shows the current distortion areas for different
modulation indexes M and power factors. The shaded area
represents the current distortion area. As seen, in the high
modulation index region, the converter should work around
the unity power factor to avoid current distortion. Whereas,
in the low modulation index region, the converter can still
work well with current distortion when the power factor is
not unity. Therefore, the proposed wind power system can

FIGURE 9. The unidirectional-power-flow system PMSG MPTA control
zero-crossing current distortion.

workwell in the lowmodulation index region under non-unity
power factor cases.

Generally, there are two kinds of control methods that can
be used to control the PSMG. The first kind of method is the
unity power factor control (UPF)method, as shown in Fig. 10.
The reactive power current reference is configured as zero to
ensure generator output voltage and the current are controlled
under unity power factor condition. This method can improve
the generator power factor and reduce power losses of the
generator-side converter. There is no doubt that the UPF
control method can be directly adopted for controlling the
proposed wind power converter with the unidirectional power
flow structure.

FIGURE 10. The unity power factor control diagram for PMSG.

The other method is the maximum torque per ampere
(MPTA) control [26], where the stator current is controlled
to beminimal for producing the same electromagnetic torque.
This method has more superior dynamic performance to track
the wind power fluctuation and thus regulate the wind turbine
speed quickly in a wide range. The corresponding power
factor of this control method is related to the modulation
indexM , as plotted in Fig. 9. Specifically, with the increase of
the modulation index, the corresponding power factor will be
reduced. Then, there are possible overlaps between theMPTA
control and the current distortion region of the proposed
converter.Whether the generator current will be distorted will
be determined by the power factor of the PSMG.

Generally, the power factor is relatively high for high-
power PMSGs. In this case, the proposed converter can work
well if using the MPTA control method. For the PMSG with
a lower power factor, the generator current may be distorted
at the rated condition. In this case, the MTPA control and
the UPF control method can be combined to control the
proposed converter, where the MPTA control is used in the
low modulation index range and the UPF control is used in
the high modulation index range.

V. SIMULATION AND EXPERIMENT RESULTS
A. SIMULATION RESULTS
In order to validate the feasibility of the proposed
unidirectional-power-flowwind power system, a 10kV/15MW
medium voltage high power wind power simulation system
has been built in MATLAB/Simulink. The generator con-
verter consists of 5 stages (15 cells) and the DC-link voltage
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TABLE 4. PMSG rated parameters.

FIGURE 11. Unidirectional-power-flow wind power system generator side
converter outputs at the rated condition: (a) PMSG output current;
(b) PMSG output voltage and (c) the generator-side converter DC-bus
voltage.

of each cell is 1800 V. Table 4 shows the parameters of
the PMSG.

Fig. 11 shows the output current, output voltage and DC-
bus voltage of the generator-side converter at the rated con-
dition (M = 0.9). As seen, the generator-side converter
can operate well, where the three-phase currents can be reg-
ulated well and there is no current distortion at the zero-
crossing instants. In addition, the generator-side converter
output phase voltages have 11 voltage levels. The DC-link
voltages can be controlled well with very small voltage rip-
ples, as shown in the zoomed waveforms in Fig.11(c).

Fig. 12 shows the dynamic simulation results using the
MTPA control method. At 0.3 s, the PMSG power is reduced
from 5MW to 3MW. At 0.7s, the PMSG power is increased
from 3MW to 15MW. As seen, the generator-side converter
can quickly regulate the generator torques and currents.

FIGURE 12. Simulation results for the generator-side converter at the
dynamic state.

Above simulation results show that the proposed system
can work well for the steady and dynamic states. Fig. 13
shows the measured total harmonic distortion (THD) values
of the generator-side converter output current for the three
modulation methods (carrier phase shifted, phase disposi-
tion, zero deadtime modulation) under various modulation
indexes. As seen, with the increase of the modulation index,
both the current THD of the three methods can be reduced.
Moreover, the proposed zero dead time modulation method
has more superior performances than the other two modula-
tion methods, especially when the converter is working at the
low modulation index range.

B. EXPERIMENT RESULTS
In order to verify the practical performance of the proposed
unidirectional-power-flow wind power system, a down-
scaled experimental prototype has been built, as shown
in Fig. 14. The number of cascaded stages is one.
Both the generator-side converter and the grid-side con-
verter are built by the 1200V/50A IGBT intelligent power
module (PM50RL1A120) from Mitsubishi Corporation.
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FIGURE 13. Comparison of the current THD for different modulation
methods under various modulation indexes.

FIGURE 14. Experimental prototype.

TABLE 5. Experimental parameters.

The power devices of the isolated four-port DC/DC con-
verter are the 1200V/30A SiC MOSFETs from Wolfspeed
(C2M0080120D), where the switching frequency is 50kHz.
Detailed experimental parameters are given in Table 5.
Fig. 15 shows the steady state waveforms of the generator-

side current. It can be seen that the output currents of
the generator-side converter are symmetrical and sinusoidal.
There is no current distortion at the zero-crossing instants.
Fig. 16 shows the waveform of the converter output voltage
and DC-link voltage at the generate side. As seen, the whole
system can work well at the rated operating point.

Fig.17 shows the experimental results at the dynamic state.
It can be seen that the system can quickly respond to the
change of input power. The above results can prove that the
proposed topology has good dynamic performance and can
realize stable operation under power fluctuation conditions.

FIGURE 15. Experimental waveforms of the generator-side converter
current at the steady state.

FIGURE 16. Experimental results of the Phase-C input voltage, input
current and the DC-link voltage of the generator-side converter.

FIGURE 17. Experimental waveforms of Phase-C current at the dynamic
state.

Fig. 18 shows the comparison of the frequency spectrum
of the converter output voltage for two kinds of converters,
i.e., the conventional CHB converter and the proposed uni-
directional CHB converter. For the conventional CHB con-
verter, phase dispositionmodulation is used and the dead time
is 2.2 µs. And the zero dead time modulation is used for the
proposed converter. The modulation is 0.7 in Fig. 18(a) and
the modulation is 0.9 in Fig.18(b). These results can prove
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FIGURE 18. Low-frequency harmonics (k<=14) contents of input voltage
of two kinds of generator side converter: (a) Modulation index
M=0.7 and (b) modulation index M=0.9.

FIGURE 19. Measured power losses of generator-side converter using
different modulation methods.

the proposed modulation method have much better current
quality, especially when the modulation index is low.

Fig. 19 shows the measured power losses of the
generator-side converter, by a power analyzer (WT1800 from
YOKOGA). As seen, the power losses of the zero deadtime
modulation and the phase disposition modulation are basi-
cally the same, where the carrier frequency is 10kHz. For
the carrier phase shifted modulation method, the equivalent
switching frequency is twice of the switching frequency of the
power devices. When the carrier frequency for this modula-
tionmethod is configured as 10kHz, the corresponding equiv-
alent switching frequency will be 20kHz, where the power
losses will be larger than other two methods. If reducing the
carrier switching frequency to 5kHz, the equivalent switching
frequency switching frequency will be 10kHz and the power
losses will be the same as the other two methods. These
results can prove the proposed topology will not increase
the power losses compared to the standard CHB wind power
system.

VI. CONCLUSION
In this paper, a unidirectional-power-flow medium volt-
age high power cascaded wind power converter is pro-
posed for high-power offshore wind turbines. The system
uses a unidirectional-power-flow H-bridge converter as the
generator-side converter, which can reduce the number of
required power devices, and thus reduce the cost and improve
system reliability. The proposed wind power system canwork
well at both the steady state and the dynamic state without
increasing power losses or sacrificing control performance
as evidenced by theoretical, simulation and experimental
results. In addition, the low-frequency harmonics of the out-
put voltage and current for the generator-side converter can be
reduced by the presented zero deadtime modulation method.
The proposed converter structure and control with minimal
dc-link capacitor requirement and reduced number of active
devices can be a viable solution for very large wind turbines.
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