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 

Abstract—Offshore wind farms with series-interconnected 

structures are promising configurations because bulky and costly 

offshore substations can be eliminated. In this work, a 

medium-frequency transformer (MFT)-based wind energy 

conversion system is proposed for such wind farms based on 

current source converters. The presented configuration consists of 

a medium-voltage permanent magnet synchronous generator that 

is connected to a low-cost passive rectifier, an MFT-based 

cascaded converter, and an onshore current source inverter. 

Apart from fulfilling traditional control objectives (maximum 

power point tracking, dc-link current control, and reactive power 

regulation), this work endeavors to ensure evenly distributed 

power and voltage sharing among the constituent modules given 

the cascaded structure of the MFT-based converter. In addition, 

this paper thoroughly discusses the characteristic of decoupling 

between the voltage/power balancing of the modular converter 

and the other control objectives. Finally, both simulation and 

experimental results are provided to reflect the performance of 

the proposed system.  

 
Index Terms—Current source converter, medium-voltage, 

permanent magnet synchronous generator, offshore, wind energy 

conversion system, medium-frequency transformer, cascaded 

DC-DC converter. 

 

I. INTRODUCTION 

MONG all available renewable energy sources, wind 

energy (onshore and offshore) has increasingly become a 

mainstream [1]. Unlike onshore applications, installed offshore 

wind power capacity accounted for only 2% of the total 

capacity as of 2012 [2]. Nonetheless, an increasing trend is 

forecasted because of [3] (a) offshore wind resources are 

considerable. (b) Offshore wind speed is often significantly 

higher and steadier than that on land. (c) The environmental 

effect (audible noise and visual effect) is the minimized in 

offshore applications. 
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On the basis of the connection methods of wind turbines in 

offshore wind farms and the characteristics of the power to be 

delivered, the wind energy conversion system (WECS) 

proposed in literature and implemented practically can be 

classified into four types [4]–[7], [36]: parallel ac connection 

and high voltage alternating current (HVAC) transmission 

systems, parallel ac connection and high voltage direct current 

(HVDC) transmission systems, parallel dc connection and 

HVDC transmission systems, and series dc connection and 

HVDC transmission systems. The HVAC system is suitable for 

application where the transmission distance is lower than 50 

km, while HVDC system dominates the market when the 

transmission distance is longer than 50 km. All these 

configurations except the fourth one (series dc connection and 

HVDC transmission system) need offshore substation which is 

very bulky and costly. Aside from considering reliability and 

efficiency as main requisites for all onshore conversion 

systems, the footprints and weights of the components are 

particularly important for offshore infrastructure. The total 

weight of the system that is dominated by the offshore 

substation significantly affects the cost and complexity of the 

offshore wind farm [25]. Therefore, the fourth one (series dc 

connection and HVDC transmission system) is increasingly 

emphasized in research because it can save significantly cost 

given that the bulky and costly offshore substation can be 

eliminated [8]. 

The electric generators used to convert mechanical energy 

into electrical energy have been well developed. They are 

divided in two main groups: induction generators 

(squirrel-cage, doubly-fed induction generator) and 

synchronous generators (permanent-magnet, wound-rotor 

synchronous generator). Among these generators, PMSG is 

gaining increased attention in the research given its low 

maintenance cost and negligible rotor loss [3]. Moreover, 

medium-voltage (MV) PMSG-based WECS with voltage levels 

that range between 3–4 kV is considered the most suitable and 

economical approach when a power rating exceeds 3 MW [8].  

MV-based power converters, which are crucial components 

in WECS, can be classified into voltage source converters 

(VSCs) and current source converters (CSCs). On the one hand, 

VSC-based WECS dominates offshore wind farm applications. 
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A two-level VSC in which switching devices are connected in 

series has been proposed for MV-based WECS [9], and the 

back-to-back neutral point clamped (NPC)-based WECS is 

widely studied in previous works [10]–[11]. An active NPC 

(ANPC)-based WECS was proposed to solve the uneven power 

loss problem associated with NPC [12]. A four-level diode 

clamped converter can be used to achieve MV operation levels 

[13], as well as the multi-level ANPC [14] and matrix 

converter-based WECS [15]. The power flow in WECS is 

unidirectional; therefore, low-cost passive converters (diode 

rectifiers) can be employed at the generator side instead of the 

aforementioned pulse width modulated (PWM) active 

converters [16]. On the other hand, CSCs features natural 

advantages with simple structure, grid-friendly waveforms, 

controllable power factor, and reliable grid short-circuit 

protection. In addition, these converters have successfully been 

used in high-power MV-based industrial drives and are 

considered to be highly promising converters for MV-based 

WECS applications [17]. 

Therefore, the key words of the present work can be 

highlighted with: (a) CSC-based offshore wind farm; (b) series 

dc connection and HVDC transmission system; and (c) MV 

PMSG-based WECS. 

Unfortunately, the CSC-based WECS has not been studied 

extensively in literature. The thyristor-based current source line 

commutated converter (LCC), which is a proven and 

well-established technology in HVDC transmission system, has 

been investigated for WECS application. Ref. [18], [19] focus 

on techniques for reactive power control and harmonics 

compensation, while [20] discusses an LCC-based wind farm 

with series-interconnected structures. However, an LCC-based 

WECS has the following disadvantages [21]: the need for large 

passive filters to reduce low-order harmonics, a large footprint, 

a low dynamic performance, dependent active and reactive 

power control, and susceptibility to ac network disturbance. A 

parallel-connected wind farm structure was established in [22] 

wherein all wind turbine modules are connected in parallel; 

only one onshore current source inverter (CSI) delivers the total 

power of the offshore wind farm to the grid. The most 

significant challenges faced by this configuration are the losses 

of the transmission cables and the power rating of the onshore 

CSI that needs to withstand the full power of the wind farm. A 

back-to-back PWM CSC-based system was proposed to 

interface a single wind turbine to the grid [23]; on this basis, a 

series-interconnected structure was proposed for an offshore 

wind farm where cascaded PWM CSCs are installed on the 

generator and grid sides [24]. Bulky and costly offshore 

substations can be eliminated in this configuration; however, a 

high-power, low-frequency transformer is required for 

generator insulation because the wind generator that is farthest 

from the grounding point must be capable of withstanding the 

full transmission voltage of the offshore wind farm. These 

bulky transformers increase the burden on offshore 

construction because of the limited space either in the nacelle or 

in the tower of the wind turbine [25].  

In the present work, a medium frequency transformer 

(MFT)-based WECS is proposed for series-connected 

CSC-based offshore wind farms (Fig. 1). The configuration 

consists of an MV PMSG that is connected to a low-cost 

three-phase diode rectifier, a modular MFT-based converter, 

and an onshore CSI connected to the grid through a 

multi-winding transformer. The present paper mainly focuses 

on two of the major issues in an offshore wind farm. One is to 

eliminate the bulky and costly offshore substation, and the 

other is to eliminate the bulky and heavy low-frequency 

transformer which is normally installed in the nacelle or inside 

the tower of the wind turbine [24]. The first issue is solved by 

using the series-connected wind farm structure, and the second 

issue is solved by the modular MFT-based converter. There are 

a number of features associated with the proposed wind farm 

system, including (a) significant cost reduction due to the 

elimination of offshore substations; (b) light weight and high 

power density due to the adaption of an modular MFT-based 

converter, which facilitates the wind turbine installation and 

foundation construction; (c) high reliability and flexibility due 

to the use of modular converters; and (d) all the advantages of 

the proven MV CSC technology. 

Apart from meeting the traditional control objectives of a 

WECS (maximum power point tracking (MPPT), dc-link 

current, and reactive power regulation), the current research 

endeavors to ensure evenly distributed power and voltage 

sharing among the constituent modules. With the special focus 

on converter control, the remainder of this paper is organized as 

follows: the proposed configuration is presented in Section II. 

The analysis of the modular converter is described 

comprehensively in Section III. The control scheme for the 

proposed WECS is thoroughly discussed in Section IV. The 

simulation and experimental verification process are presented 

in Section V. Finally, this work is concluded in Section VI.  

II. CONFIGURATION OF THE PROPOSED WECS 

Fig. 1 shows the overall structure of the CSC-based offshore 

wind farm. N numbers of the proposed MV PMSG-based 

WECSs are connected in series with one common dc-link 

inductor Ldc. The onshore CSIs are connected to the grid 

through multi-winding transformers. Fig. 2 depicts the 

topology of the proposed MFT-based WECS; the configuration 

consists of an MV PMSG, a three-phase diode rectifier, a 

modular MFT-based converter, and a CSI [17] that is connected 

to the grid through a transformer. Cf is the output capacitor and 

Lg represents the grid-side inductance. Fig. 3 illustrates the 

detailed topology for the modular MFT-based converter, in 

which N numbers of voltage-fed, current-output converters 

(without an output capacitor filter) are connected in series, then 

directly connected to the dc-link inductor Ldc. CN (N = 1, 2 …, 

N) is input capacitor of each module in the cascaded converter.  

As a front-end converter, the passive rectifier displays the 

advantages of reliability, low-cost, being small and light, and 

having a simpler generator-side control than a PWM converter 

dose. On the other hand, the passive rectifier leads to a 

relatively high torque ripple in the generator. However, various 

methods have been proposed in literature to solve this problem 

[26]. Furthermore, the synchronous inductance of a PMSG is 

usually above 0.4 per unit (pu) for high-power, low-speed wind 
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applications [23], which further helps to mitigate the torque 

ripple [17]. 
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Fig. 1.  Proposed configuration of CSC-based offshore wind farm. 
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Fig. 2.  Proposed MFT-based WECS. 
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Fig. 3.  Modular DC-DC converter. 

In a series-connected wind farm, generator insulation should 

be carefully considered. The wind generator that is farthest 

from the grounding point must be capable of withstanding full 

transmission voltage. MFTs are employed to alleviate this 

problem. Compared with other methods in literature [37], a 

transformer-based solution seems more reasonable when 

considered in practice [33], while compared with method in 

[33] where a high-power (same power with each PMSG-based 

WECS) low-frequency three-phase transformer is employed, 

the proposed modular MFTs-based solution is advantages in 

terms of higher power density, small footprint and weight 

(which is much more important for offshore application). In 

addition, by the proposed MFT-based converter, only 

secondary-side components of MFTs (diodes rectifier) are 

needed for high voltage insulation, while both offshore 

converters and capacitors are needed in [33]. As shown in Fig. 

1, all the components are similarly rated, but the insulation 

levels are not uniform. The insulation requirement is reduced 

when the wind turbine unit is located near the ground point. 

A coordinated control scheme was proposed for a 

series-connected CSC-based offshore wind farm in a previous 

study [24]. By contrast, the current work focuses on the control 

scheme of the single MV PMSG-based WECS (Fig. 2).  

III. ANALYSIS OF THE MODULAR CONVERTER 

The modular converter (Fig. 3) plays crucial roles in the 

proposed WECS. First, it is beneficial for achieving both MPPT 

and grid-side control [27]. Second, MFT is employed because 

of the generator insulation issue which has been discussed in 

the previous section, thus not repeated here. Instead of using 

bulky low-frequency transformers [24], MFTs are employed 

given their advantages of high power density and easy offshore 

construction. Furthermore, a modular design is implemented 

based on a number of cells that are connected in series at the 

input and output. In contrast to a single MFT, such design helps 

reduce the burden of implementation as one transformer 

accounts for only one part of a megawatt-level power. The 

modular design of the converter also benefits from the choice of 

low-cost, low-voltage switching devices instead of 

high-voltage ones. Increasing operating frequency results in a 

large reduction in size and weight of the transformer. However, 

in the application MV Megawatts-level WECS, several 

challenges should be considered [38]: (a) Losses and thermal 

design. A significant challenge will be introduced to thermal 

and cooling system design due to the combination of small size 

and high losses as increasing operation frequency; (b) 

challenge coming from the insulation design of high-power 

MFT. In applications of series-connected wind farm, the 

maximum potential the transformer must withstand is the full 

transmission level. This is a significant issue as its considerable 

effect on the size of the transformer. Therefore, in practice, an 

optimum design should be a trade-off between operation 

frequency and size to achieve a best overall performance which 

is not addressed in the present work. A 4000 V PMSG-based 

WECS is presented to illustrate the design process. 

A. Determination of the number of cells 

   The minimum required number of cells for the proposed 

configuration depends on: (a) input dc voltage, (b) the voltage 

rating of the selected insulated-gate bipolar transistor (IGBT), 

and (c) the chosen cell voltage. The rated input dc voltage is 

approximately 5000 V for a 4000 V PMSG-based system. 1700 

V IGBT is selected because it is the most suitable switching 

device in terms of cost, voltage utilization, and failure in time 

rate for MV applications [28]. Given a cell voltage of 1000 V 

[17], five cells (without redundancy) must be connected in 

series at both the input and the output. A converter with six 

cells can also be chosen for redundancy (N+1); nonetheless, 

this work considers a modular converter with five cells. 

B. MFT 

   The topology of each module that is employed in the 

MFT-based converter (Fig. 3) is a voltage-fed, current-output, 

full-bridge converter with a common inductor (Ldc) filter. In 

this study, the MFT plays two roles: First, this transformer can 

help realize zero-voltage switching for the primary switches 

through leakage inductance LpN (N = 1, 2 …, 5) without 

requiring additional components [29]. Second, MFT performs 

an isolation function. As mentioned in the previous section, the 

MFT must withstand a full transmission voltage at most; hence 

the issue of MFT insulation must be considered in practical 

design and manufacture [30].  



0885-8993 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2524635, IEEE
Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

C. Input capacitor voltages sharing in the modular converter 

   The constituent modules of the modular converter (Fig. 3) are 

designed to be identical. Given existing manufacturing 

techniques, however, the components used may not display 

exactly same characteristics. For example, the turn ratios of 

MFTs may be slightly mismatched with 1: k1 ≠ 1: k2 ≠ … 1: k5 

(Fig. 3). As a result, the operation of the cascaded converter is 

destabilized if a common duty ratio alone is employed [31]. The 

module with the lowest turn ratio has highest input capacitor 

voltage and constitutes the largest proportion of total power. 

Therefore, input capacitor voltages must be shared among the 

constituent modules. This aspect is thoroughly discussed in the 

next section. 

D. Operation Principle 

   One advantage of a modular converter is its control scheme 

can be simplified that all constituent modules share the same 

control. It means the drive signals for S11, S21 … S51 are same 

(Fig. 3) and so are other switches. Here, we take Module 1 as an 

example to illustrate the operation principle. The conventional 

phase-shifted modulation scheme is employed where all the 

switches operate with fixed 50% duty cycle, while the phase of 

the second leg is shifted to transfer the power. The steady state 

waveform is shown in Fig. 4 where the dead time between 

switches in the same leg is not shown. S11, S12, S13, and S14 are 

the corresponding drive signals; Idc and ip1 are dc-link current 

and transformer primary currents (Fig. 3), respectively; Vo1 is 

the output voltage. The corresponding operation states are 

shown in Fig. 5. Before t0, switches S11 and S14 are on, and so 

are D11 and D14 (Fig. 5 [a]). The transformer primary/secondary 

currents ip1/is1 and the output voltage Vo1 are now kept at 1 pu, 

and the power is transferred to the load. t0 < t < t1: At time t0, S14 

is turn off, primary current ip1 commutates from S14 to the 

parallel diode of S12 during the dead time; therefore, S12 is turn 

on with zero voltage switching (ZVS). During this period, 

currents ip1/is1 are slightly decreasing to less than 1 pu, while the 

dc-link current Idc is controlled to maintain at 1 pu by the CSI; 

therefore, D12 and D13 are turn on (D11 and D14 are staying on). 

The output voltage Vo1 is now staying at 0 pu, and no power is 

transferred (Fig. 5 [b]). t1 < t < t2: At time t1, S11 is turn off, and 

as same as that in the previous period, S13 is turn on with ZVS. 

Currents ip1/is1 is now decreasing sharply with the slope 

determined by the input voltage and the value of the leakage 

inductor. During this period, D11, D12, D13 and D14 are still kept 

on and no power is transferred (Fig. 5 [c]). t2 < t < t3: At time t2, 

Currents ip1/is1 is decreasing to –1 pu; meanwhile, D11 and D14 

are turn off, while D12 and D13 are kept on. The output voltage 

Vo1 is now staying at 1 pu, and the power is transferred to the 

load (Fig. 5 [d]). t3 < t < t4: At time t3, S12 is turn off; S14 is turn 

on with zero voltage switching (ZVS). The operation principle 

is same as that during t0 < t < t1. Thus is not repeated here (Fig. 

5 [e]). After t4, same operation cycle repeats as shown in Fig. 4. 

IV. CONTROL SCHEME OF THE PROPOSED WECS 

The control scheme is developed in accordance with direct 

requirements of the WECS itself and the characteristics of the 

proposed configuration. Overall control targets are identified 

as: (1) MPPT in the full operation; (2) input capacitor voltage 

sharing of the modular converter; (3) minimum dc-link current 

control; and (4) reactive power control. Fig. 6 illustrates the 

overall control scheme of the proposed WECS, where MPPT 

and input capacitor voltage balance control are achieved with 

the generator-side converter while minimum dc-link current 

and reactive power control are regulated by the grid-side CSI. 

All the symbols used in the remainder of this paper correspond 

to those shown in this figure. 
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Fig. 4.  Steady State waveform of Module 1. 
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Fig. 5.  Operation States of Module 1. 

A. Generator-side control 

Two objectives are controlled at the generator side: MPPT 

and capacitor voltage sharing. In a variable-speed WECS, 

generator speed is adjusted to achieve MPPT. MPPT methods 

are widely discussed in literature [3], including MPPT with 

turbine power profiles, optimal tip speed ratios, and optimal 

torque control. The current study mainly focuses on converter 

control; therefore, the simple optimal tip speed ratio is applied 

to achieve MPPT. 

If the modular converter is ideal that all the involved 

components of the five constituent modules are identical, then 

the captured wind power is evenly distributed among them. The 

cascaded converter can thus be simplified to one H-bridge 

converter with a common duty cycle dcommon and then into a 

simple Buck converter where the leakage inductance of the 

transformer is disregarded (Fig. 7). Measured wind speed vwind 

is used to determine the generator speed reference wm_ref 

according to the optimal tip ratio (Fig. 6). The regulator output 

is denoted by torque reference Tg_ref of the generator, which is 

proportional to the corresponding generator current Idc_generator. 

P and  are the pole pairs and flux of the PMSG (Fig. 6). The 

required duty cycle dcommon for the dc-dc converter is obtained 

by comparing Idc_generator and DC-link current Idc. MPPT is 

achieved upon applying the common duty cycle dcommon to the 

dc-dc converter. For example, the amount of captured wind 

power increases with wind speed; thus, Idc_generator and duty 

cycle dcommon increase as well. 
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Fig. 6.  Overall control scheme of the proposed configuration. 

Ldc

Cf

S1 S3 S5

S4 S6 S2

C

Buck Converter

S

#N

 
Fig. 7.  Ideally simplified configuration of the proposed WECS. 

However, the parameters of the five constituent modules 

cannot be identical in practice due to existing manufacturing 

techniques. As mentioned in the previous section, the turn 

ratios of MFTs may be mismatched with 1: k1 ≠ 1: k2 ≠ … 1: k5 

(Fig. 3). Then the scheme that utilizes only the aforementioned 

common duty cycle dcommon destabilized operations with 

unevenly distributed power among the constituent modules and 

an imbalance in the input capacitor voltages. Therefore, special 

attention must be paid to the capacitor voltage balance and 

power sharing of the cascaded converter. 

The dc-link current is controlled by the CSI. Therefore, the 

equivalent circuit of the MFT-based cascaded dc-dc converter 

is derived shown in Fig. 8, where input voltage Vin is the output 

voltage of the rectifier. Iin is the input current of the MFT-based 

cascaded dc-dc converter the dc-link current; Idc is represented 

by a constant current source. In this research, Vin and Idc are 

variable according to different wind speeds and constant at a 

given speed. 
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Fig. 8.  Equivalent circuit of the MFT-based cascaded DC-DC converter. 

The MFT-based converter is connected in series at the input 

and the output. Such converters shares input and output 

currents Iin and Idc, respectively. Through power conservation, 

the following is obtained: 
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where VC1, VC2 … and VC5, and Vo1, Vo2 … and Vo5 are the 

equilibrium values of the input and output voltages of the 

constituent modules, respectively. Pin1, Pin2 … and Pin5, and Po1, 

Po2 … and Po5 are the input and output power of each module, 

respectively. Assuming that the input capacitor voltage is 

balanced: 

5
521
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V
VVV    (2)  

Then, output voltage is automatically achieved. Furthermore, 

total power can be distributed evenly among all the modules. 

Therefore, we need only focus on input capacitor voltage 

sharing to achieve both input/output voltages and power 

sharing in the MFT-based cascaded dc-dc converter.  

The constituent modules of the dc-dc converter essentially 

belong to a Buck converter with the following input/output 

characteristics: 
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where d1, d2 …, and d5 are the duty cycles and f (d1), f (d1) …, 

and f (d5) are the voltage gains of each converter under steady 

state. 

The proposed control scheme of capacitor voltage balancing 

(Fig. 6) adjusts the duty cycles in (3) to achieve the even 

distribution of input capacitor voltages. The applied duty cycles 

d1, d2 …, and d5 are composed of two parts: one is the common 

duty cycle dcommon that represents MPPT, and the other 

represents the individual parts ∆d1, ∆d2 …, and ∆d5 that 

originate from the regulation of input capacitor voltage 

balancing. Under the common duty cycle dcommon, the module 

with a larger turn ratio tends to draw higher input current than 

other modules do. This occurrence is impossible under steady 

state because the series connection at the input mandates that 

the input currents of the constituent modules should be equal. 

Hence, the capacitor of the module with a larger turn ratio must 

discharge more to compensate for the required current; this 

discharge lower capacitor voltage more in this module than in 

others. Therefore, input voltage loops (Fig. 6) are established to 

regulate individual input capacitor voltage by using PI 

controllers. The regulator output is obtained by adjusting the 

duty cycles required for voltage balancing. In contrast to the 

common duty cycle dcommon, the module with a higher input 

capacitor voltage has a higher duty cycle with dcommon + ∆d. In 

the process, additional power is transferred to the load; thus, 

more power is discharged from the capacitor. The regulation 

continues until voltages are balanced. 

B. Grid-side control 

The major control objectives for the grid-side CSI are dc-link 

current and reactive power control. Unlike in VSC-based 

WECS where dc-link voltage is normally controlled at a 

constant value, the dc-link current in CSC-based WECS is 

variable according to different levels of captured power to 

minimize loss [17]. It is determined by both the generator and 

the grid side to achieve (a) all the control objectives and (b) a 

minimum WECS loss [34]. 
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As shown in Fig. 6, dc-link current regulation adjusts the 

captured wind power while reactive power control is 

implemented to regulate reactive power according to the grid 

codes. The Grid-voltage phase-locked loop (PLL) is employed 

to generate a noise-free synchronous angle g and angular 

frequency g . Given the aligned synchronous frame, the active 

and reactive power (Ps, Qs) can be controlled independently by 

the following: 

sdsds iVP 5.1  (4) 

sqsds iVQ 5.1  (5) 

where Vsd and Vsq and isd and isq are the d- and q-axis 

components of the grid voltage and injected current. 

The reference current of the CSI iwd_ref and iwq_ref can be 

derived with the following [17], [23]: 


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where isd_ref and isq_ref are the references of the d- and q-axis 

components of the injected grid current. icd, icq and Vcd, Vcq are 

d- and q-axis components of the capacitor current and the 

voltage; these variables can be expressed as follows: 
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where Lg and Rg represent the grid-side line inductance and 

resistance, respectively. 

Without loss consideration of the converter, the captured 

wind power is equal to the grid-injected power. 

gs PP   (8) 

With considering the maximum modulation index as mi = 1 

[17], the minimum dc-link current Idc_grid determined by the 

grid-side CSI can be derived based on (4)–(8): 
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 (9) 

Therefore, the final minimum dc-link current reference Idc_ref, 

is expressed as: 

Idc_ref = max (Idc_grid, Idc_generator) (10) 

where Idc_generator is the minimum dc-link current determined by 

the generator-side, as indicated in Fig. 6. 

By applying the minimum dc-link current reference, the 

WECS can therefore achieve the required control objectives 

and minimized loss. 

C.  Decoupled characteristics between voltage balance 

control and other control objectives of the WECS 

On the basis of control scheme presented in Fig. 6, we can 

get: 
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Under steady state, the following equation is valid when 

same PI controllers are employed. 
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where k is the gain of the PI controller under steady state. 

Combining (11) and (12) leads to 

commond
ddddd




5

54321  (13) 

Equation (13) reveals that voltage balance control and the 

generator control are decoupled. On the other hand, the 

relationship between generator-side and grid-side control is not 

completely decoupled during the full operation range as the 

final dc-link current reference is the minimum reference 

between the generator-side and grid-side currents. However, 

the voltage/power balance control of the MFT-based modular 

dc-dc converter is decoupled with the grid-side control 

objectives (dc-link current control, and reactive power control) 

because of (13). 

V. SIMULATION AND EXPERIMENTAL RESULTS 

   The performance of the proposed configuration has been 

verified by both Matlab/Simulink simulation and experimental 

tests. The system parameters used are listed in Table I. 
TABLE I 

SIMULATION AND EXPERIMENTAL PARAMETERS 

Parameters 
Simulation Experiment 

SI pu SI pu 

System Rating 

Nominal Power 1 MW 1.0 1275W 1.0 

Grid Voltage 4160 V 1.0 208 V 1.0 

Frequency 60 Hz 1.0 60 Hz 1.0 

PMSG 

Nominal Power 4000 V 

Voltage Source 

Supply 

synchronous Inductance 0.4 pu 

Stator Resistance 0.01 pu 

Number of Poles 16 

Generators-side converter (MFT-based converter) 

Number of Modules 5 3 

Turn Ratios of Transformers 

1 : 1/1 : 1.005 

1 : 1.01/1 : 1.015 

1 : 1.02 

1 : 1/ 1 : 1/ 1 : 1 

Tolerance ± 2% 

Input Capacitor (CN) 200 uF 2.0 1000 uF 2.0 

Switching Frequency (fsw1) 1200Hz 1.0 1200 Hz 1.0 

Grid-side converter (CSI) 

DC-link Inductor (Ldc) 30 mH 0.65 60 mH 0.65 

Grid-side inductor (Lg) 2.55mH 0.055 5 mH 0.055 

Grid-side Capacitor (Cf) 153 uF 1.0 80 uF 1.0 

Switching Frequency (fsw) 540 Hz 1.0 540 Hz 1.0 

Modulation Scheme SVM SVM 

A. Simulation Results 

The wind turbine and the PMSG used in this simulation are 

provided by Matlab/Simulink. The turbine model receives the 

wind speed and provides an optimized reference speed to the 
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control system. The inertia constant of a megawatts-level 

WECS is normally around a few seconds [23]; in this 

simulation, the constant is reduced to achieve a faster speed 

response compared with that in a real system. Five modules are 

employed in the MFT-based converter; to introduce imbalance 

into this converter, the turn ratios of the five transformers are 

purposely set to 1:1 (Module 1), 1:1.005 (Module 2), and 1:1.01 

(Module 3), 1:1.015 (Module 4), and 1:1.02 (Module 5). In the 

following simulation, three typical operations are conducted: 

(a) with/without voltage balance control, (b) under stepped 

change in wind speed, and (c) under reactive power control. 

Fig. 9 illustrates the simulated performance under conditions 

of unity power factor (UPF) and with/without voltage balance 

control scheme (Fig. 6). Before t = 2 s, the system operates in 

steady state with voltage balance control. The grid-side injected 

real and reactive power (Ps, Qs) are 1 MW and 0 MVA. Input 

voltage is balanced for the MFT-based converter with VC1 = VC2 

= VC3 = VC4 = VC5 = 1000 V. At t = 2 s, the voltage balance 

control scheme is deactivated (all five modules operate under 

the common duty cycle dcommon [Fig. 6]). Although dc-link 

current (Idc) and the real/reactive power are still being 

controlled effectively, the input capacitor voltages (VC1, VC2, 

VC3, VC4, and VC5) begin to diverge. This reveals that voltage 

balance control of the modular converter is decoupled from 

other control objectives of the WECS (MPPT, dc-link current 

and reactive power control). VC1 is the highest (1180 V) 

because the duty ratio of its transformer (Module 1) is the 

lowest (Table I). At t = 2.5 s, the voltage balance control 

scheme is reactivated and input capacitor voltages quickly 

converge to nominal values. 

Fig. 10 illustrates the simulated performance under stepped 

wind speed. To simulate the transient response of the WECS, 

wind speed is purposely set to step down and up from 12 m/s (1 

pu) to 10 m/s (0.833 pu) at t = 2 s and from 10 m/s (0.833 pu) to 

12 m/s (1 pu) at t = 4 s, respectively. The resultant reference 

speed wg_ref changes accordingly (Fig. 10 (a)). The real speed wg 

of the PMSG tracks the reference speed wg_ref well in both 

steady and transient states. Real power Ps is the cube of 

generator speed wg; therefore, only 0.57 pu of real power is 

captured (Fig. 10 [b]) when the wind speed is reduced to 0.833 

pu. To minimize loss, a minimum dc-link current is altered 

accordingly (Fig. 10 [c]). The input capacitor voltages (VC1, 

VC2, VC3, VC4, and VC5) are well balanced in all steady and 

transient states, as shown in Fig. 10 (d). Voltage spikes happen 

on the input capacitor during transient states. This is because (a) 

an overshoot happens for speed regulation (Fig. 10 [a]); (b) the 

input capacitor voltage of the converter is proportional to the 

induced voltage of the PMSG, which is in turn proportional to 

its speed wg. 

Fig. 11 presents the simulated performance under reactive 

power control. Reactive power Qs is injected into the grid 

according to grid codes [3] with 330 kVA (0.33 pu) between 2 

and 3 s, –330 kVA (–0.33 pu) between 4 and 5 s, respectively 

(Fig. 11 [a]). As in Fig. 10 (c), a minimum dc-link current is 

modified accordingly to minimize minimum loss (Fig. 11 [b]). 

Fig. 11 (c) shows that all input capacitor voltages are evenly 

distributed. The power factors (PF) for different reactive power 

levels (0, 0.33, –0.33 pu) are 1, 0.95, and –0.95, respectively, as 

per Fig. 12. VA and igA are the grid-side phase voltage and the 

injected current, respectively. 
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Fig. 9.  Simulated performance of the proposed WECS under conditions of 
with/without voltage balance control. (a) Grid-side injected real and reactive 

power (Ps, Qs); (b) Dc-link current Idc; (c) Input capacitor voltages of the 

MFT-based cascaded dc-dc converter (VC1, VC2, VC3, VC4, and VC5). 

100

200

300

(A)

-0.5

0

0.5

1

1.5

(MVA)

800

1000

1200

(V)

0.73

1

1.27

(pu)

(c)

(b)

(a)

(d)1 2 4 t (s)

wg_ref

wg

Ps

Qs

Idc

Idc_ref

VC5VC1 VC4VC2 VC3

1 2 4 t (s) 1 2 4 t (s)

1 2 4 t (s)  
Fig. 10.  Simulated performance of the proposed WECS under stepped wind 
speed. (a) Reference and real speed of the PMSG (wg_ref, wg); (b) Grid-side 

injected real and reactive power (Ps, Qs); (c) Dc-link current (Idc, Idc_ref); (d) 

Input capacitor voltages of the MFT-based cascaded dc-dc converter (VC1, VC2, 
VC3, VC4, and VC5). 
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Fig. 11.  Simulated performance of the proposed WECS under reactive power 

control. (a) Grid-side injected real and reactive power (Ps, Qs); (c) Dc-link 
current (Idc, Idc_ref); (d) Input capacitor voltages of the MFT-based cascaded 

dc-dc converter (VC1, VC2, VC3, VC4, and VC5). 
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Fig. 12.  Simulated waveforms of grid line voltage VA and injected line current 

igA. (a) PF = 1(Qs = 0 pu); (b) PF = 0.95(Qs = 0.33 pu); (c) PF = – 0.95(Qs = – 

0.33 pu). 
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Fig. 13.  Photo of the experimental setup. (1) Dc power supply. (2) MFT-based 

cascaded dc-dc converter. (3) Dc-link inductor. (4) Current source inverter. (5) 
Parallel resistor for imbalance. (6) Three-phase variac. (7) dSPACE DS1103 

processor board. (8) dSPACE control desk on computer. (9) Driver interface 

board. (10) Voltage/current sensor boards. (11) Oscilloscope. 

B. Experimental Results 

The experimental setup is illustrated in Fig. 13. First, we 

simplify this setup by replacing the wind turbine–PMSG–diode 

rectifier by a dc voltage supply as the emphasis of this work is 

on verifying the performance of the proposed converter. Three 

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%, as presented in Table I) to lower cost; a 400 

ohm resistor is paralleled with the input capacitor of Module 3 

on purpose to introduce imbalance into the modular converter; 

IGBT modules (SKM300GB12T4) and rectifier diodes 

(SKKD212) are used to construct this converter. The CSI is 

composed of three integrated modules (SKM300GBD12T4). A 

three-phase variac is also employed here with an input that 

connects the local grid and an output that connects CSI through 

a three-phase LC filter. dSPACE DS1103 is used to implement 

the control algorithms (Fig. 6) and to communicate with the 

dSPACE control desk of the computer. The inputs variables are 

sampled with transducers (LEM LA 100-P, LV 25-P) while the 

outputs are driver signals sent to drivers through an interface 

board. Finally four oscilloscopes are used simultaneously to 

capture the required waveforms. The modulation schemes are 

the phase-shifted PWM for the modular converter and the SVM 

for CSI. Same with simulation, three tests are performed to 

verify the performance of the proposed WECS. 

Fig. 14 shows the experimental performance with/without 

the voltage balance control. Vin is the total input voltage; VC1 

VC2, and VC3 are the input capacitor voltage for Module 1, 2, and 

3; Idc is the measured dc-link current; and Ps and Qs are the 

plotted real and reactive power based on measured voltages and 

currents, respectively. With voltage balance control, the 

converter operates well. Input voltages are balanced with VC1 = 

VC2 = VC3 = 83 V; the dc-link current is controlled at 8.5 A; and 

the grid-side injected real and reactive power (Ps, Qs) are 1,275 

W and 0 VA. As depicted in Fig. 14 (a), when the voltage 

balance control is deactivated (all the three modules operate 

under common duty cycle dcommon [Fig. 6]), the input capacitor 

voltages (VC1, VC2, and VC3) start diverging. VC3 decreases to the 

lowest voltage due to its paralleled resistor (400 ohm); VC1 and 

VC2 are unequal because of the turn-ratio tolerance of their 

transformers (± 2% as shown in Table I). DC-link current (Idc) 

and the real/reactive power (Ps, Qs) control, on the other hand, 

are not influenced. Again, this verifies that voltage balance 

control of the modular converter is decoupled from other 

control objectives (dc-link current and reactive power control). 

Subsequently, input capacitor voltages of the modular 

converter quickly converge to nominal values when the voltage 

balance control is reactivated. Fig. 15 illustrates the 

experimental performance under stepped input voltage (stepped 

wind speed in simulation) from 0.8 pu (200 V) to 1 pu (250 V). 

The dc-link current Idc increases from 7.5 A to 8.5 A; moreover, 

injected real power Ps increases from approximately 0.52 pu 

(660 W) to 1 pu (1275 W) while the reactive power Qs is 

maintained at zero. During all the steady and transient states, 

input capacitor voltages (VC1, VC2, and VC3) are well balanced, 

as shown in Fig. 15 (a). In this figure, the waveforms for VC1, 

VC2, and VC3 are overlapped. Fig. 16 illustrates the experimental 

performance under reactive power control. Different reactive 

power Qs (0, 0.33, –0.33 pu) are separately injected into the 

local grid (Fig. 16 [c]). Similarly, the minimum dc-link current 

Idc is changed accordingly to minimize loss (Fig. 16 [b]). Input 

capacitor voltages VC1, VC2, and VC3 (Fig. 16 [a]) are distributed 

evenly during steady and transient states. Fig. 17 exhibits the 

steady-state, local grid line-to-line voltage VAB (208 V) and the 

injected line current igA under different reactive powers. Fig. 17 

(a) shows igA lags behind VAB by around 30°; thus suggesting 

that a UPF is achieved. Similarly, igA lags behind VAB by 

roughly 58° (Qs = 0.33 pu, PF = 0.95) and 12° (Ps = –0.33 pu, 

PF = –0.95), as displayed in Fig. 17 (b) and Fig. 17 (c). 

The performance of the injected line current igA (Fig. 17) is 

not as good as that in the simulation (Fig. 12). However, this is 

reasonable given this experimental setup. In contrast to VSC, 

where a period of dead time (about 1–2 µs) must be allocated 

for drive signals to avoid short-circuit operation, an overlap 

time is required for CSI to avoid open-circuit operation [17]. 

The performance of the outputs is substantially influenced by 

the dead/overlap time [35]; in this work, the overlap time for 

CSI switching devices is controlled by dSPACE DS1103. The 

minimum fixed step achieved is 50 µs when all the control 

schemes are processed (Fig. 6); therefore, the minimum overlap 

time for CSI is roughly 50 µs which is too large. Hence, the 

performance of the grid-connected current is poorer than that in 

simulation where the overlap time is 5 µs. Such a conclusion 

can be verified by Fig. 18 where the simulation is conducted 

under same overlap time as that in the experiment (50 µs). 

Nonetheless, this is no longer an issue in practice as processing 

frequency of the DSP/FPGA is at least 150 MHz (6.7 ns). 

VI. CONCLUSION 

In this work, an MFT-based WECS is proposed for 

CSC-based offshore wind farms. The proposed configuration is 

composed of an MV PMSG, a passive rectifier, a modular 

MFT-based converter, and a CSI. It is characterized by (a) no 

offshore substation; (b) high power density due to the adaption 

of a modular MFTs instead of a low-frequency transformer; (c) 

high reliability and flexibility due to the use of a modular 

converter; and (e) all the advantages of a CSC. Apart from 

traditional control objectives (MPPT, dc-link current and 

reactive power control) of a WECS, additional effort is made to 

ensure an evenly distributed power and voltage sharing among 

the constituent modules. The characteristic of decoupling 

between voltage/power balance control and the other control 

objectives is analyzed as well. Finally simulation and 

experimental verification are provided to demonstrate the 

converter’s performance of the proposed WECS. 
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Fig. 14 (Left).  Experimental converter’s performance of the proposed WECS 
under condition of with/without voltage balance control.  

Fig. 15 (Right).  Experimental converter’s performance of the proposed WECS 
under stepped input voltage. (a) Input capacitor voltages of the MFT-based 

cascaded dc-dc converter (VC1, VC2, and VC3); (b) Dc-link current (Idc); (c) 

Grid-side injected real and reactive power (Ps, Qs). 
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Fig. 16 (Left).  Experimental converter`s performance of the proposed WECS 

under reactive power control. (a) Input capacitor voltages of the MFT-based 

cascaded dc-dc converter (VC1, VC2, and VC3); (b) Dc-link current (Idc); (c) 
Grid-side injected real and reactive power (Ps, Qs). 

Fig. 17 (Right).  Experimental waveforms of grid line-to-line voltage (VAB) and 

injected line current (igA). (a) PF = 1; (b) PF = 0.9; (c) PF = – 0.95. 
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Fig. 18.  Simulated waveforms of grid line-to-line voltage (VAB) and injected 

line current (igA) under same overlap time as that in the experiment (50µs). 
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