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Abstract— This study proposes an application of Modular 
Multilevel Converter (MMC) to wind turbine direct driven 
Permanent Magnet Generator (PMG) which is connected to 
medium voltage DC collection network. The topology, modeling, 
operation, and control method of the wind turbine generator 
connected to MMC system are presented. The aim of the 
application of MMC to the wind turbine generator is to increase 
its operating voltage so as to be connected to medium voltage of 
DC network. Besides that, a grid side converter, a harmonic 
filter device and a transformer of the wind turbine generator 
can be neglected. Feasibility and validity of operation and 
control method of the proposed MMC based wind turbine 
generator have been investigated through simulation study. The 
simulation is performed by using PSCAD/ EMTDC package 
program. The obtained results have confirmed that the 
proposed topology and control system have good dynamic 
performance, controllability, and reliable stability. 

Keywords— modular multilevel converter, permanent magnet 
generator, DC collection network, wind farm. 

I. INTRODUCTION 
Wind turbine generators based offshore power stations are 

predicted to be growing rapidly along with the increasing 
world demand to meet energy needs, especially from 
renewable energy resources. The potential energy which can 
be generated from offshore wind is more than 420.000 TWh 
per year worldwide, and hence, in the future, offshore wind 
farm would have a big influence on the global energy market 
[1]. The development of offshore wind is resulting from the 
developing technology of wind turbine generators and their 
grid connected devices of variety of power capacity which in 
turn can provide cost improvements and high performances 
for offshore wind farm.  

The possibility for the use of DC collection network 
systems in offshore wind farms has been widely reported in 
several papers [1-5]. Many advantages in using a DC network 
system in offshore over AC networks are obtained, i.e., no 
system stability issues, fast adjustment and reliable operation, 
no capacitor charging current and limited short-circuit current, 
high efficiency, low channel cost due to weight and material 
savings, small annual energy loss, etc. However, the benefits 
of using a DC network system will be optimized if operated 
on a medium and high voltage network.  

In the DC network system converter devices should be 
included. LCC (Line Commutated Converter and VSC 
(Voltage Source Converter) are converter technology 
commonly used in DC network. MCC is a latest generation of 
multi-level converter technology which is applied to HVDC 
system. In 2010, the first technology of MMC called HVDC 
PLUS has been introduced by Siemens [6]. In the same year 
ABB also commissioned the HVDC Light using same 
technology [7]. Nowadays, MMC is an innovative technology 
that has many advantages compared to other multilevel 
converter technologies such as Cascaded H-Bridges, Neutral 
Point Clamped Converter, and Flying-Capacitor Converter. 
MMC has a simpler structure, scalable and flexible design so 
that the expansion of the number of levels can be possible 
easily and the maintenance is also easy because submodules 
can be replaced easily [6-9]. 

In this paper, a feasibility of application of MMC for 
medium voltage class of wind turbine direct driven PMG is 
discussed. The application of AC to DC MMC to wind turbine 
generator is intended to eliminate its converter connected to 
grid side, harmonic filter device, and the transformer, and 
hence, the power production from wind generator can be 
collected through medium voltage of DC collection network. 
In addition, by using medium voltage operation the level of 
power capacity of wind turbine generator can be increased 
with light and smaller outer diameter of the generator due to 
reducing of the coil diameter of stator winding of the 
generator. The advantages possessed by MMC can be possible 
in its application to wind turbine generator which can operate 
with being connected to a medium voltage network. 
Therefore, investment costs of wind turbine generator based 
offshore wind farm can be reduced.   

 
Fig. 1. Electrical topology of MMC based PMG 
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II. MMC BASED PMG 
Fig. 1 depicts the electrical topology of the gearless wind 

turbine equipped with the AC to DC MMC system. Gearless 
system is a wind turbine generator system that drives 
generator directly without gearbox transmission system. The 
generator is Permanent Magnet Generator (PMG) which is 
equipped  with multi-pole permanent magnet mounted on the 
rotor shaft. Three phases stator winding of the generator is 
connected to AC side of MMC. On the other hand, DC side of 
MMC is connected to 30 kV Point of Connection (PoC) 
network through DC collection power cable of 3.0 km. The 
DC collection cable is assumed here as collection network in 
an offshore wind farm. 

A. Modeling of Wind Turbine 
The power of wind energy captured by the turbine can be 

calculated through equations as follows [10]: 

��� � �
� �	
	���	��	��    (1) 

where, Pwt is mechanical power of wind turbine in W; � is 
density of air in Kg/m3; Rb is blade radius of rotor in m; Vw is 
wind velocity in m/s; and Cp is the turbine power coefficient.  

The power coefficient (Cp) of wind turbine is determined 
depending on tip speed ratio (�) and pitch angle (�) of wind 
turbine’s blades in degree. The turbine power coefficient can 
be expressed as follows: 
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where, cO1 to cO6 are the wind turbine’s coefficients [11], and 
�r is speed of the wind turbine’s rotor in rad/sec.  

The Characteristic curve of Cp-λ with different pitch 
angles is depicted in Fig. 2 from which it can be seen the 
maximum power coefficient (Cp-max) is 0.48 and the optimal 
tip speed ratio (λopt) is 8.1. Power output curve of the wind 
turbine as function of rotational speed is depicted in Fig. 3. In 
the direct drive wind turbine generator, the Maximum Power 
Point Trajectory (Pmppt) shown by the blue line can be 
calculated as follows [12]: 

Pmppt	=	0.5��R2 +�rR
�opt
,

3
Cp-max                   (5)   

Rotating mass components of wind turbine generator are 
composed of rotor shaft including the magnet of generator, 
hub, and blades. The rotating mass components can be 
modelled in one lump or two lump models for analyzing 
dynamic behavior of the wind turbine under variation wind 
speed.  In this paper one lump model is considered which 
could be expressed through the following equation [13]: 

dt
d

J
TT r

t
em

ω1=−  (6) 

The one lump model of the rotating  mass  is depicted in Fig. 
4. Jt represents total moment of inertia. Tm and Te represents  
mechanical and electrical torques, respectively.  

 
Fig. 2. Characteristic curve of Cp - � 

 
Fig. 3. Power curve of wind turbine (�=00) 

 
Fig. 4. One lump model of wind turbine’s rotating mass 

 
Fig. 5. Pitch blades control model 

Pitch controller is very important in adjusting the angle 
attack (β) of the wind turbine’s blades when the rotor speed of 
wind turbine exceeds its maximum speed. In general, the 
maximum speed of variable speed wind turbine is up to 30 
rpm. In this paper, model of pitch blades controller is shown 
in Fig. 5, where, ωr* is rotational speed reference and β* is 
pitch angle reference. Each blade of the wind turbine is driven 
by a motor servo actuator which represented by transfer 
function with time constant T and rate limiter. The ranges (βmin 
to βmax) of pitch angle of blades is set from 0o to 90o. The PI 
controller is commonly used for tracking error in the pitch 
controller system [13], [14]. 

B. Permanent Magnet Generator (PMG) 
The model of PMG used in this paper is based on available 

model in library of PSCAD/EMTDC software package [15]. 
The PMG model is represented in the d-q model equations 
which can be written as follows [16]: 

Tm

Te

Authorized licensed use limited to: University of Gothenburg. Downloaded on December 19,2020 at 23:50:55 UTC from IEEE Xplore.  Restrictions apply. 



179 

Vd	=	-Id	+	Ld
dI.
dt
	� 	�sLqIq               	     								           (7/ 

Vq	=	-Iq	+	Lq
dIs

dt
	+	�sLdId		+		�s�m    												             (8) 

where Vd and Vq are instantaneous values of the d-axis and q-
axis stator voltages; Id and Iq are instantaneous values of the 
d-axis and q-axis stator currents; Ld and Lq are the d-axis and 
q-axis components of stator winding’s inductances; R is the 
resistance of stator winding; �m and �s  are flux linkage of 
permanent magnet and angular frequency on stator winding, 
respectively.  

The active power (Ps) and the reactive power (Qs) of PMG 
could be written as follows: 

Ps	=	VdId	+	VqIq                                                          (9) 

Qs	=	VqId 	- VdIq                                                          (10) 

III. OPERATION OF MMC 

A. Basic Principle of the MMC Operation  
Basic configuration of MMC is depicted in Fig. 6. The 

MMC consists of three legs for each phase. The leg has two 
identical arms (upper and lower). Each arm consists of  a 
number of identical sub-modules (SM) arranged in series. 
Each leg is also equipped with an inductor (Larm) which it used 
to limit transient arm current [17]. In this paper two levels half 
bridge topology of sub-module is considered in which the sub-
module composes of two IGBTs with anti-parallel diodes and 
a capacitor (CSM). Three phase voltage of AC terminals are 
connected to each leg on the common point connection 
between upper and lower arms. In this study, AC side of MMC 
is connected to the stator terminal of PMG, whereas the DC 
side is connected to DC collection network. 

 
Fig. 6. MMC topology and Half Bridge Sub-Modules  

 
Fig. 7. Current flow in SM based on switching states  

 

TABLE I.  SWITCHING STATE OF SM 

Switching State terminal 
voltage of SM 

Arm current 
Polarity 

Status of 
Capacitor S1 S2 

OFF ON 0 + Bypass 
ON OFF Vc + Charging 
OFF ON 0 - Bypass 
ON OFF Vc - Discharging 
 

 
Fig. 8. Phase shift PWM technique 

In operation of MMC, DC voltage (Vdc) from DC network 
is distributed into DC link capacitors (Clink) and then the DC 
voltage would be charging the entire sub-module’s capacitor. 
Each sub-module is operated in two states, inserted and 
bypassed. In inserted state, switch S1 and switch S2 are 
respectively  ON and OFF, and terminal voltage of the sub-
module (VSM) is equal to the terminal voltage of the capacitor 
(Vc). On the other hand, in bypassed state switch S1 and S2 
are respectively OFF and ON, the terminal voltage of the sub-
module becomes zero. The switches should be operated in 
complementary way to prevent short circuit of the capacitor. 
By organizing a number of inserted and bypassed sub-
modules, the multi-step voltage output can be obtained at AC 
terminals of the MMC. 

Fig. 7 depicts the arm current (Iarm) direction in sub-
module based on switching states of S1 and S2. The red color 
indicates the arm current direction in the positive polarity and 
the blue color indicates the arm current direction in the 
negative polarity. Charging and discharging of sub-module’s 
capacitor is depending on polarity of arm current. Detailed 
conditions of sub-module based on switching state are 
presented in Table I. 

B. Modulation Technique of MMC 
Since the last few decade modulation and control methods 

for MMC have attracted attention of engineers worldwide 
[18]. The most commonly used modulation techniques for 
multilevel converter could be summarized in three categories:  
Multi Carrier Pulse Wave Modulation (MC-PWM), Space 
Vector Modulation (SVM), and Nearest Level Modulation 
(NLM) [19]. In this study multi carrier Phase Shifted Pulse 
Wave Modulation (PS-PWM) technique is considered due to 
its advantages. Comparing to the other approaches the phase 
shift PWM technique is more effective in controlling of MMC 
due to its superior control performance such that the power 
distribution between the sub-module can be provided and the 
voltage balance can be achieved at sub-module capacitor. Fig. 
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8 shows the multi carrier PS-PWM technique process. The 
number of carrier signal is calculated to be N-1, where N is 
level of the MMC (example: 7 level MMC has 6 carrier signals 
of modulation). The voltage and frequency of each carrier 
signal are equal. The phase shift (�) between the carrier signals 
can be calculated as � = 360o/(N-1) [19], hence balanced AC 
voltage in staircase form can be achieved at the terminal 
output of MMC.  

 

IV. CONTROL SYSTEM OF MMC BASED PMG 
The topology of PMG connected to 7 (seven) levels of 

MMC and its controller system are depicted in Fig. 9. Three 
phase stator winding of PMG is coupled to MMC through 
filter inductance (Lfilter). Voltage (Vabc), current (Iabc) and rotor 
speed (ωr) of PMG are fed to the controller system. The 
controller system adjusts the three phase voltage reference 
(Vabc*) which is used as references signal for modulation. As 
stated above, in this study PS-PWM modulation is taken into 
account as modulation technique. MMC is configured in 
seven levels converter of which each phase arm consists of six 
sub-modules. For seven levels MMC, there are six sub-
modules per arm. Therefore, there are 24 switches per phase 
and 72 switches in total to be controlled. The number of carrier 
signal is six carriers in which the phase shift of each carrier is 
60o, hence it can be split as follows:  �1 = 0o , �2 = 60o, �3 = 
120o, �4 = 180o, �5 = 240o, and �6 = 300o. The parameters of 
generator and MMC are presented in Table II.  

 
Fig. 9. Topology of PMG connected to MMC  

TABLE II.  PMG AND MMC PARAMETERS 

Item Parameter Value 
PMG Power Capacity 10 MW 

Voltage 13.8 kV 
Frequency 20 Hz 

Stator Resistance 0.02 pu 
Stator Leakage Reactance 0.06 pu 

d-axis Reactance 0.9 pu 
q_axis Reactance 0.7 pu 
Magnetic Strangth 1.4 pu 

MMC Number of level 7 level 
AC Voltage side 13.8 kV  
DC Voltage side 30 kV  
Filter Inductor 7.5 mH 
Arm Inductor 0.2 mH 

Sub-module capacitor 74 mF 
Leg Capacitor (Clink) 50 mF 

 
Fig. 10. MMC controller 

The main purpose of the MMC system is to transfer 
electrical power generated by the PMG to the DC network. 
Fig. 10 depicts the topology of MMC controller. The MMC 
controller system is designed for controlling power output 
(active power and reactive power) from PMG. Three phase 
currents in sinusoidal waveform from stator winding of the 
generator (Iabc) is transformed into the d-axis current 
component (Id) and the q-axis current component (Iq) by using 
Park Transformation. The power reference (Pmppt) which is 
calculated by MPPT (Eq.5), electrical angular speed (ωs), and 
rotor angle position  (	e) are obtained from rotational speed 
(ωr) of the generator shaft. Active power (Ps) and reactive 
power (Qs) are calculated from voltage and current outputs of 
the generator stator winding. 

In principle, the system control in MMC is same as the 
system control applied to general Voltage Source Converter 
(VSC). The active and reactive powers are controlled 
independently.  The active power is represented by the q-axis 
component and the reactive power is represented by the d-axis 
component. Each component has two PI controllers, inner 
loop PI for current controller and outer loop PI for power 
controller. The output from inner PI controllers are reference 
voltages (Vd* and Vq*), and then, by using inverse Park 
Transformation the voltages are transformed into three phase 
voltage in sinusoidal form (Vabc*). Finally, Vabc* becomes the 
reference voltage that applied to stator winding of the 
generator through the MMC circuit.    

V. SIMULATION AND ANALYSIS 
The feasibility of wind turbine direct driven PMG based 

MMC system which is connected to medium voltage of 
collection DC network is investigated through dynamic 
performance simulation study. The power system model  
depicted in Fig. 1 and the controller system model  depicted in 
Fig. 10 have been developed into simulation in 
PSCAD/EMTDC platform. The simulation time step was 10 
μs. The DC collection cable is represented in π model, where 
the parameters of the cable were 0.193 Ω/km of resistance, 
0.458 mH/km of inductance and 0.085 μF/km of capacitance.  

The simulation is performed in two scenarios. In the first 
scenario, the performance of step response of rotor speed is 
investigated. In the second scenario, steady state stability 
performance under real variable wind speed is investigated. 
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Fig. 11. Step signal input to rotor speed of PMG  

 
Fig. 12. Power reference and power output of PMG 

 
Fig. 13. The dq_axis current  of stator winding of PMG 

 
Fig. 14. Waveform current of PMG stator winding  

 
Fig. 15. Waveforn voltage of PMG stator winding  

 
Fig. 16. Instantaneous THD of voltage and current of PMG stator winding   

 
Fig. 17. Waveform of upper and lower arms voltage of MMC (phase A) 

 
Fig. 18. Wind velocity data 

 
Fig. 19. Rotor speed of PMG  

 
Fig. 20. Pitch angle response of the wind turbine blade 

 
Fig. 21. Power output performance of the PMG  

A. Step response performance analysis 
In Case 1, initial condition at t=0.0 s of rotor speed of PMG 

is 0.8 pu as shown in Fig. 11. At t=0.1 s the rotor speed is 
changed from 0.8 pu to 1.0 pu. The MPPT circuit would track 
the change of rotor speed in generator to obtain the power 
reference fed to the controller. Fig. 12 shows performance 
response of  power output of PMG when the reference power  
changes. The active power can track the power reference from 
the MPPT very well, meanwhile the reactive power output is 
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kept almost constant at zero. In Fig 13, the d-axis and the q-
axis currents performance inside of the controller system is 
presented. The d-axis current controls the reactive power and 
the q-axis current controls the active power of PMG. It can be 
confirmed that MMC based PMG system is well controllable 
by the proposed controller system. The waveform of current 
and voltage to the step disturbance can be seen respectively in 
Figs. 14 and 15. It can be seen that the sine waveform of the 
current and voltage of the PMG stator winding with small 
harmonic distortion can be obtained by using the MMC. The 
instantaneous Total Harmonic Distortion (THD) has been 
calculated from t = 0.3s to 0.4 s and it is seen that the THD of 
the waveforms is less than 1.25% as depicted in Fig 16. Finally,  
waveform of upper arm and lower arm voltages of MMC is 
shown in Fig. 17. It can be seen the voltage of both arms are 
complementary each other, and hence AC staircase voltage 
can be obtained. 

B. Steady state performance analysis 
The steady state performance of the MMC control system 

is evaluated by applying real wind speed data in the simulation 
study. The wind velocity measured in Hokkaido, Japan is 
shown in Fig 18. Fig. 19 shows rotor speed of PMG under the 
varying wind speed. When the rotational speed exceeds the 
rated speed, the pitch controller changes the blades angle of 
attack to remain the rotor speed within 1.0 pu. Pitch angel 
response is shown in Fig. 20. Fig. 21 shows power output of 
PMG. It is seen the active power output of PMG can be 
controlled effectively by the MMC.    

VI. CONCLUSION 
Application of Modular Multilevel Converter (MMC) to 

the wind turbine direct drive PMG which connected to 
medium voltage of DC collection network has been discussed. 
Dynamic performance of proposed topology and control 
system has been analyzed by using PSCAD/EMTDC. In step 
response performance analysis, the control system of MMC 
based PMG has well controllability to step change of rotor 
speed of the generator. Also, it is confirmed that the MMC in 
collaboration with the PMG based wind turbine can work well 
due to low harmonic distortion. In addition, in steady states 
analysis the performance of the proposed system has good 
stability. Finally, it can be concluded from these results the 
performance and thus feasibility of the proposed MMC based 
PMG connected to medium voltage DC collection network 
system are very high. 
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