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Abstract  

 

In this paper, a hardware-in-the-loop simulation platform for MMCs is established, which connects a real time digital simulator 
(RTDS) and a designed MMC controller with optical fiber. In this platform, the converter valves are simulated with a small time step 
of 2.5 microsecond in the RTDS, and multicore technology is implemented for the controller so that the parallel valve control is 
distributed between different cores. Therefore, the designed controller can satisfy the requirements of real-time control. The 
functions of the designed platform and the rationality for the designed controller are verified through experimental tests. The results 
show that different modulation modes and various control strategies can be implemented in the simulation platform and that each 
control objective can been tracked accurately and with a fast dynamic response. 
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I. INTRODUCTION 

High Voltage Direct Current (HVDC) transmission based on 
a MMC (modular multilevel converter) has become one of the 
most attractive VSC-HVDC technologies because of its 
modularity and scalability [1]-[3]. MMC-HVDC has a lot more 
advantages than two-level or three-level VSC-HVDCs, such as 
lower harmonic components at the Alternating Current (AC) 
side of the converter [4], greater reduction of the switching 
frequency, fewer losses [5] and operation consistency for the 
switching devices in series in an arm is not necessary [6]. 
There has been extensive research on MMC systems, and most 
of this research has been concentrated on mathematical 
modeling [7]-[9], modulation mode [10]-[12], and control 
strategies [13]-[16]. Physical verification plays an important 
role in testing control devices, planning the primary system and 

engineering operation, since it is closer to the practical project. 
In order to obtain a large power capacity, high redundancy, 

and low total harmonic distortion (THD), a single MMC 
station with hundreds of voltage levels generally consists of 
thousands of sub-modules. It is difficult to establish a MMC 
primary system with a large number of sub-modules for 
simulation, especially for experimental verifications based on 
real physical devices. 

Most of the physical primary systems mentioned in the 
existing literature are for 2 to 17 levels [12], [17]-[19]. In 
[20]-[21], 40 to 49 level prototypes drastically improve the 
ability of physical verification, while this achievement is based 
on reductions of the voltage value. Furthermore, the number of 
voltage levels is still much smaller than that in actual projects 
such as the Trans Bay Cable project, which has more than 200 
levels. Additionally, for a large-power MMC controller, it is a 
big challenge to transmit massive capacitor voltages, trigger 
signals and then accomplish the large amount of computations 
caused by the balancing control. 

Considering the problems existing in the realization of a 
MMC primary system and controller, a hardware-in-the-loop 
simulation platform for MMCs is established between a RTDS 
simulator and a physical MMC controller, in which the primary 
system is simulated in the RTDS and the control task is  
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Fig. 1. The topology of MMC-HVDC converter. 
 
performed on the designed physical controller. There are 
several advantages to the proposed hybrid simulation platform. 
First, it can precisely simulate the characteristics of a MMC 
system in a real-time digital simulator and it can conveniently 
simulate different types of faults on the AC side and DC side. 
Second, different control strategies can be implemented and 
tested to determine the physical controller flexibly. In addition, 
in the real-time digital simulator, the converter station can be 
connected into a large power grid, which is able to provide test 
circumstances similar to practical operating conditions. Third, 
the platform can be easily utilized for the design of the primary 
system and for tests of the control system. 

On this platform, the converter valves are simulated with a 
small time step of 2.5 microsecond, which makes it qualified 
for high precision simulation of a MMC system with hundreds 
of voltage levels. By adopting an 8-core DSP and distributing 
the parallel valve control between different cores, the designed 
controller meets the requirements of real-time control 
calculation. In this paper, several experiments have been 
implemented on this hardware-in-the-loop platform. First, 
steady state experiments are carried out to verify the rationality 
of the established platform and its ability to test different 
control strategies. Second, DC loop current suppressing 
experiments are performed to verify the effect of suppressing 
control. Third, the dynamic performance of the designed 
controller is examined by power and voltage step experiments. 
Finally, a single phase to ground fault experiment is carried out 
to validate the ability to simulate faults on the designed 
platform. 

The remaining parts of this paper are organized as follows. 
Section II briefly introduces the topology of the MMC. The 
configuration information of the hardware-in-the-loop 
simulation platform is detailed in Section III. The principle of 
the designed controller and the adopted control strategies are 
described in section IV. Several steady and transient 
experiments are presented in section V, and section VI draws 
conclusions. 

 
 

Fig. 2. The structure of the Hardware-in-the-Loop Simulation 
Platform for MMC. 

 

II. TOPOLOGY OF AN MMC 
 

The topology of an MMC-HVDC converter is shown in Fig. 
1. It is composed of six arms. For an MMC system with (N+1) 
levels, each arm consists of N sub-modules (SMs) and an arm 
reactor L. Each phase has two arms: an upper arm and a lower 
arm. The IGBTs of the SMs are triggered by the control system 
to form a multilevel, near-sinusoidal stepped waveform at the 
converter AC side by inserting the capacitor voltages of the 
corresponding SMs. 

 

III. CONFIGURATION OF THE PLATFORM 

Two main parts make up the experimental platform as 
shown in Fig. 2. One is the RTDS simulator on which the 
primary system is simulated, and the other is the designed 
MMC controller which is connected to the RTDS by optical 
fibers. A computer running RSCAD is connected to the RTDS 
simulator by Ethernet, and the RSCAD is a graphical user 
interface for driving the RTDS simulator. It can be used to 
monitor the converter system. The system controller is 
interconnected to the MMC controller through Ethernet, whose 
functions are human-computer interaction, parameter 
adjustment, and the issue of system instructions. 

The AC part of the primary system is simulated in the RTDS 
PB5/GPC processing board and the MMC converter is 
simulated in the FPGA-based MMC support unit. The 
operating data of the AC system and the control signals of the 
breakers are transmitted by a signal conversion card. The 
operating data and the trigger signals of the MMC station are 
transmitted by optical fibers. 

The FPGA-based MMC support unit platform is 
implemented on a Xilinx ML-605 FPGA board. On this board, 
a Virtex 6 family chip is used which features 240k logic cells, 
14-kb block RAM, 768 DSP48 blocks, and 24-Gb transceivers 
GTX providing up to a 6.6-Gb/s data rate. It is found that three  
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Fig. 3. The component of rtds_vsc_FPGA_U5. 

 
separate valve models, each containing 512 SMs, can be 
simulated on a single FPGA with a small time step of 2.5 
microsecond [22]. The typical drawback of using FPGA-based 
hardware for computation in simulation is the need to 
re-synthesize the FPGA layout whenever the computation 
requirements change. Fortunately, the RTDS simulator avoids 
this time-consuming re-synthesis requirement while allowing 
the user to change the type of SM (half or full), the number of 
SMs, the SM capacitor size, the SM discharge time-constant, 
and all of the other parameters. This tremendously improves 
the simulation efficiency. 

The valve model component MMC_FPGA_U5 running on 
the FPGA-based MMC support unit is shown in Fig. 3.  

The single MMC station consists of two components: 
three-phase upper arms and three-phase lower arms. For the 
MMC_FPGA_U5 component, some internal faults can be 
simulated including reactor turn-to-turn faults, capacitor 
shorting faults, partial loss of capacitor faults, and short faults 
between two points of the valve. 

 

IV. DESIGN OF THE MMC CONTROLLER 

A. The Structure of the MMC Controller 

In this paper, a controller is designed according to the 
requirements of the MMC control strategy and the interfaces of 
the RTDS simulator. The structure of the MMC controller is 
presented in Fig. 4. It can be divided into three layers: system 
control, station control, and valve control. 

In Fig. 4, ur denotes the modulation wave. The subscripts a, 
b and c represent abc phases, respectively. The subscript p 
and n represent the upper and lower arms, respectively. us is 
the AC side voltage. is is the AC side current, and uc is the 
capacitor voltage of the corresponding SM. 

The system control and man-machine interface of the 
controller are implemented on a computer, and connect with 
next layer controller by the Ethernet interface. The function of 
the system control is to ensure that the converter system 
switches smoothly between different operating modes and 
different operating points. Under normal conditions, the  

 
 

Fig. 4. The structure of MMC controller. 

 
operating instructions issued by the dispatcher are not directly 
used as input reference values of the station controller. To 
improve the reliability of the system, the operating instructions 
should be preprocessed by corresponding strategies to avoid 
overshooting. In addition, the man-machine interface is in 
charge of adjusting the parameters of the controller, as well as 
monitoring the key variables and the other needed parameters.  

The station control receives the reference values from the 
system control, and generates the modulation waves urij 

(i=a，b，c，j=p，n) of the six arms. The mission of the valve 

control is to receive the modulation wave produced by the 
station control, then creating the firing pulse words of the 
sub-modules through an appropriate modulation method, and 
balancing the capacitor voltages of the sub-modules. Because 
the valve controls of the six arms are independent from each 
other, parallel technology is adopted to enhance the 
computational efficiency. A Keystone infrastructure 8 core 
DSP produced by TI corporation is used in this paper, where 
the 0th core is in charge of the station control and circulating 
current suppression and the 1st~6th cores are in charge of the 
valve controls of the six arms separately. By utilizing this 
parallel structure, the calculation efficiency of the controller 
can be improved, and the data between station and the valve 
control can be flexibly transmitted in the DSP. A 
main-auxiliary type communication structure between cores is 
designed in this paper to transmit data between the station 
control and the valve controls. After finishing the station 
control computation, the main core is communicated with the 
auxiliary cores (1st~6th cores) through inter-core interruption 
and inter-core registers. As a result, the modulation wave of 
each arm will be transmitted into the corresponding auxiliary 
cores. The auxiliary cores only take responsibility for 
independent valve control calculation, and there is no 
communication between the valves. 

The voltage and current at the AC side are outputted as a  
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Fig. 5. Station control. 

 
-10~10V analog signal from the RTDS to the controller 
through a GTAO card, and the controller drives the A/D chips 
to sample the analog signal by the FPGA. The A/D chip 
features 16-bit conversion and supports sample rates up to 
250ksps per channel. The status signals of the breakers at the 
AC side are outputted as 0 or 5V electrical signal from the 
RTDS to the controller through the GTDO card. After voltage 
conversion, the signal of the breaker status is detected and 
identified by the FPGA. Moreover, the breaker control signals 
are converted to 0 or 5V electrical signal by the FPGA, which 
drives the GTDI card to control breakers. 

The capacitor voltage of the sub-modules ucij, the arm 
current iij and the trigger signal Fp are transmitted by optical 
fibers. The controller finishes fiber-optic communication by 
driving the optic-electrical conversion module. Each arm has 
two fibers, which use the Aurora communication protocol. The 
transmission speed is 2.0Gbit/s. 

In order to realize data communication between the DSP and 
the FPGA, a Serial Rapid I/O interface is adopted in this paper, 
in which 4 full-duplex ports together constitute the 4x mode 
series protocol and each port’s baud rate is 2.5Gbps. 

B. The Station Control Strategies 

In this paper, traditional direct current control based on a 
PI regulator is used as the inner loop control method. In the 
form of dq coordinates, dynamic models of the converter are 
shown in (1).  
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   (1) 

where Ls is the ac equivalent inductance. id, iq and i0 
represent the dq0 components of the AC current respectively. 
usd, usq and us0 represent the dq0 components of the point of 
common coupling (PCC) voltages. ucd and ucq represent the 
reference dq components of the converter voltages. R denotes 
the equivalent resistor of the arm, and ω is the angular 
frequency of the system. 

In the steady state, the zero-axis components and the arm 
equivalent resistor can be ignored. Then, (1) can be 
simplified as (2). 

d
s sd cd s q

q
s sq cq s d

di
L u u L i

dt
di

L u u L i
dt





  

  
           (2) 

Equation (2) shows that id and iq are inter-coupling. As 
shown in Fig. 5, a double closed-loop controller is used as the 
station control strategy in this paper. 

The outer loop control aims to generate i*
d and i*

q denoting 
the reference dq components of the AC currents. In this paper, 
PI controllers for active power control, reactive power control 
and DC voltage control are used as the outer loop control. 
The inner loop control aims to generate u*

cd and u*
cq denoting 

the reference dq components of the converter voltages 
according to the output of the outer loop control. In this paper, 
the conventional direct current control based on PI regulators 
is used as the inner loop control. In Fig. 5, A* and A represent 
the reference value and the measured value of the active 
power or DC voltage, respectively. B* and B represent the 
reference value and the measured value of the reactive power, 
respectively. 

C. Modulation and Capacitor Voltage Balancing 

The two widely used modulation strategies, NLM [23] and 
CPS-SPWM [12], are adopted in this paper. 

The principle of the NLM method is simple, and it has 
been applied on several practical engineering projects. The 
balancing voltage control based on NLM needs to sort all of 
the capacitor voltages. In each trigger circle, the sub-modules 
with lower voltages are charged, and the sub-modules with 
higher voltages are discharged. This principle can make the 
capacitor voltages of the sub-modules tend to be coincident. 
However, the switching frequency of IGBTs is very high 
because the frequently sorting makes the sub-modules switch 
continually. In addition, it takes a large amount of time to sort 
the large number of capacitor voltages in a MMC controller. 
In order to strike a balance between the switch frequency and 
the SM voltage ripple, several improved NLM methods have 
been proposed [24]-[26], which are able to reduce the switch 
frequency to a certain extent. 

The advantage of CPS-SPWM is a lower switching 
frequency, and the switching frequency is basically double 
the carrier frequency fc. However, the capacitor voltage of 
each sub-module is controlled individually in CPS-SPWM, 
and the number of voltage balancing controller is the same as 
the number of sub-modules.  

Consequently, the two mentioned modulation methods 
possess both merits and demerits, and CPS-SPWM is rarely 
applied to MMC systems with a large number of levels. In 
order to study the effects of the two modulation methods 
working on MMC systems with a large number of levels, in 
this paper, the two modulation methods are implemented on 
the designed controller, and the controller is able to switch 
between the two modulation methods expediently. 
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Fig. 6. Main circuit of test MMC system. 

 
 

TABLE I 
MAIN CIRCUIT PARAMETERS OF THE MMC SYSTEM 

Parameters Symbol Value 

Rated voltage of AC system us 110 kV (L-L,RMS)

Resistor of AC system Rs 0.314 Ω 

Inductor of AC system Ls 0.001 H 

Equivalent resistor of DC line Rdc 0.15 Ω 

Equivalent inductor of DC line Ldc 0.025 H 

Current limiting resistor Rlim 15 Ω 

Rated DC voltage udc 200 kV 

SM capacitor C 3000 uF 

Arm inductor L 0.004 H 

SM number per arm N 100 

Rated SM voltage uc 2 kV 

 

V. EXPERIMENTAL VERIFICATION 

A. Experimental Environment 

Several experiments are conducted to test the performances 
of the controller and the ability of the platform. Considering 
that only one MMC controller is used in this 
hardware-in-the-loop simulation platform, the experimental 
primary system includes only one single converter station as 
shown in Fig. 6. 

When the control objectives are the active power and 
reactive power, the breaker S3 and S4 are closed, and the DC 
voltage is supported by two DC voltage sources. When the 
control objectives are the DC voltage and reactive power, the 
breaker S3 and S4 are opened, and the DC side is an open circuit. 
The positive direction of the arm current, the AC current, and 
the DC voltage are shown in Fig. 6. The DC loop current of 
phase A is defined as (3). 

                  (3) 

As shown in Fig. 6, the single MMC converter station is 
built in a RTDS simulator. The parameters of the main circuit 
are detailed in Table I. 

B. Steady States Experiments 

Two steady state experiments are carried out: one is for the 
NLM method and the other is for the CPS-SPWM method. In 
these two experiments, S3 and S4 are closed and the control  
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objectives of the station control are the active power and the 
reactive power. The reference value of the active power is 
400MW, the reference value of the reactive power is 30MVar 
and the carrier frequency is 200Hz. 

The results of the NLM method are shown in Fig. 7. The 
active power is denoted by P and the reactive power is 
denoted by Q. The upper and lower arm currents of phase A 
are denoted by iap and ian, and the capacitor voltages of the 
first eight sub-modules in the upper arm of phase A are 
denoted by ucap1~ ucap8.  

Fig. 8 shows waveforms of P, Q, iap, ian, and ucap1~ucap8 
when using the CPS-SPWM method. 

The experiment results indicate that the active and reactive 
powers can trace their reference values accurately under both 
of the modulation methods.  

Using the NLM method, the capacitor voltages of all of the 
sub-modules fluctuate consistently around the rated value, 
and the fluctuation is less than 5.95%. 

Meanwhile, using CPS-SPWM method, the capacitor 
voltages of all of the sub-modules are not consistent. In 
addition, the deviation between the DC components of the 
capacitor voltage and its rated value is less than 2.88%, and 
the fluctuation is less than 6.38%.    

Both of the modulation methods have a good effect on the 
capacitor voltage balancing control, and the NLM method has  
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been shown to have better performances in deviation and 
fluctuation. 

Fig. 9 shows ucap1 and the corresponding firing pulse FP in 
two cycles under the two modulation methods. This clearly 
indicates that the SM switches regularly in the CPS-SPWM 
method, and that its switching frequency is much lower than 
the switching frequency in the NLM method. 

The above results show that the platform established in this 
paper is feasible for the experimental testing of MMC 
systems, and that the physical controller is able to test the 
features of various modulation and control strategies. 

C. DC Loop Current Suppressing 

In this experiment, the NLM method is chosen and the 
breakers S3 and S4 are closed. The objectives of the station 
control are the active power and reactive power. The 
reference values of the active power and reactive power are 
400MW and 30MVar, respectively. In addition, the 
circulating current suppressing controller is started at 0.15s. 
The results of this experiment are shown in Fig. 10. 

Where iacir denotes the DC loop current of phase A. The 
fluctuation of iacir is around 0.3kA before 0.15s. After the 
circulating current suppressing controller is started at 0.15s, 
the fluctuation of iacir sharply drops to 0.02kA, which is only 
about 6.7% of the value of iacir before 0.15s. The suppressing 
controller has an obvious and remarkable effect on the loop 
current. As a result, the distortion of the arm current iap and 
ian has been significantly improved. 

D. Power and Voltage Behavior Experiments 

In order to test the step responses of the control strategy in 
the platform, two experiments are carried out with the 
CPS-SPWM modulation method. 
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Fig. 12. The result of DC voltage step experiment. 

 
One experiment is to test the response when the active 

power changes. S3 and S4 are closed and the active power 
jumps from -200MW to 400MW at 0.15s while the reactive 
power remains at 30MVar. The waveforms of P, Q, iap, ian, 
and ucap1~ ucap8 are shown in Fig. 11.  

As shown in Fig. 11, the active power increases quickly 
and accurately tracks the reference. The reactive power is 
disturbed to a certain extent, and then reaches the steady state 
within 0.2s. The DC loop current of phase A fluctuates in the 
transient period. It changes from 0.33kA to -0.66kA under the 
control of the suppressing controller within 0.2s. The polarity 
of the DC components of the arm current is reversed with the 
change of the active power. After the reversal of the power 
flow, the fluctuation of the capacitor voltage gradually 
increases to transmit more active power. 

The other experiment is to test the response when the DC 
voltage changes. S3 and S4 are opened and the control 
objectives of the station control are the DC voltage and the 
reactive power. The DC voltage jumps from 180kV to 200kV 
at 0.24s while the active power remains at 400MVar. 
Waveforms of Q, udc and ucap1~ucap8 are shown in Fig. 12. 

The DC voltage reaches to the reference value within 0.2s. 
The reactive power is slightly disturbed in the transient 
process and quickly returns to the steady state. The capacitor 
voltage of the sub-modules rises from 1.8kV to about 2.0kV 
within 0.2s to support the DC voltage. 

E. Fault Experiment 
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To test the ability of fault simulation on the designed 

platform, a single phase to ground fault experiment on the 
AC side is carried out. In this experiment, the modulation 
method is CPS-SPWM and S3 and S4 are closed. The 
objectives of the station control are the active power and 
reactive power. The reference values of the active and 
reactive power are 100MW and 30MVar, respectively. The 
fault occurs at 0.04s in phase A and lasts for 0.005s. No 
protection action is taken for the fault.  

Waveforms of usi, P, Q, iap, ian and ucap1~ ucap8 are shown in 
Fig. 13. 

As can be seen in Fig. 13, the operating state of the system 
has a sudden disturbance when the fault occurs. The 
increased current of the arm can damage the converter valves. 
After the clearance of the fault, the system quickly returns to 
the steady state. This experiment indicates that the 
MMC-HVDC system built in this platform is able to defend 
against some transient faults. 

 

VI. CONCLUSION 

In this paper, a MMC controller is designed and developed, 
and a hardware-in-the-loop simulation platform is established 
based on a RTDS simulator and the designed controller. The 
performance of the platform and its ability to test various 
control strategies was verified by several experiments. High 
precision simulations for MMC systems can be performed on 
this platform. By utilizing multicore technology and a 
main-auxiliary communication structure between cores, the 
designed controller satisfies the requirements of real time 
computation and communication. The proposed platform can 
be used in many fields, such as the design of the primary 
system for MMC-HVDCs, the test of control strategies, the 
optimization of control parameters, research on the 
interaction between a MMC-HVDC and a large power grid, 
etc. 

 

ACKNOWLEDGMENT 

This work was supported by the National Natural Science 
Foundation of China (51277068), and supported by Program 
for New Century Excellent Talents in University 
(NCET-12-0846), partially supported by the 863 Program 
(2015AA050101).  

 

REFERENCES 

[1] A. Lesnicar and R. Marquardt, “An innovative modular 
multilevel converter topology suitable for a wide power 
range,” in Proc. IEEE power Tech Conf., Vol. 3, pp. 23-26, 
2003. 

[2] M. Glinka and R. Marquardt, “A new AC/AC multilevel 
converter family,” IEEE Trans. Ind. Electron., Vol. 52, No. 
3, pp. 662-669, Jun. 2005. 

[3] R. Feldman, M. Tomasini, E. Amankwah, J.C. Clare, P.W. 
Wheeler, D. R. Trainer, and R.S. Whitehouse, “A hybrid 
modular multilevel voltage source converter for HVDC 
power transmission,” IEEE Trans. Ind. Appl., Vol. 49, No. 
4, pp. 1577-1588, Jul./Aug. 2013. 

[4] A. Das, H. Nademi, and L. Norum, “A pulse width 
modulation technique for reducing switching frequency for 
modular multilevel converter,” in India International Conf. 
Power Electron(IICPE), pp. 1-6, 2011. 

[5] S. Rohner, S. Bernet, M. Hiller, and R. Sommer, 
“Modulation, loss, and semiconductor requirements of 
modular multilevel converters,” IEEE Trans. Ind. 
Electron., Vol.57, No. 8, pp. 2633-2732, Aug. 2010. 

[6] S. Allebrod, R. Hamerski, and R. Marquardt, “New 
transformerless, scalable modular multilevel converter for 
HVDC-transmission,” in Proceedings of IEEE Power 
Electron. Specialist Conf., pp. 15-19, 2008. 

[7] K. Ilves, A. Antonopoulos, S. Norrga, and H. Nee, 
“Steady-state analysis of interaction between harmonic 
components of arm and line quantities of modular 
multilevel converters,” IEEE Trans. Power Electron., Vol. 
27, No. 1, pp. 57-68, Jan. 2012. 

[8] Q. Song, W. Liu, X. Li, H. Rao, S. Xu, and L. Li, “A 
steady-state analysis method for a modular multilevel 
converter,” IEEE Trans. Power Electron., Vol. 28, No. 8, 
pp. 3702-3713, Aug. 2013. 

[9] L. Harnefors, A. Antonopoulos, S. Norrga, L. Angquist, 
and H.-P. Nee, “Dynamic analysis of modular multilevel 
converters,” IEEE Trans. Ind. Electron., Vol. 60, No. 7, pp. 
2525–2537, Jul. 2013. 

[10] J. Mei, B. Xiao, K. Shen, M. Tolbert, and L. Norum, 
“Modular multilevel inverter with new modulation method 
and its application to photovoltaic grid-connected 
generator,” IEEE Trans. Power Electron., Vol. 28, No.11, 
pp. 5063-5073, Nov. 2013. 

[11] J.A. Barrena, Mondragon, L. Marroyo, M.A.R. Vidal, and 
J.R.T Apraiz, “Individual voltage balancing strategy for 
PWM cascaded H-Bridge converter-based STATCOM,” 
IEEE Trans. Ind. Electron., Vol. 55, No. 1, pp. 21-29, Jan. 
2008. 

[12] Z. Li, P. Wang, H. Zhu, Z. Chu, and Y. Li, “An improved 
pulse width modulation method for chopper-cell-based 
modular multilevel converters,” IEEE Trans. Power 
Electron., Vol. 27, No. 8, pp. 3472-3481, Aug. 2012. 

[13] A. Antonopoulos, L. Angquist, and H. P. Nee, “On 
dynamics and voltage control of the modular multilevel 



A Hardware-in-the-loop …                                    1705 

 

converter,” in Proc. 13th European Conference on Power 
Electronics and Applications, pp. 1-10, 2009. 

[14] F. Deng and Z. Chen, “A control method for voltage 
balancing in modular multilevel converters,” IEEE Trans. 
Power Eletron., Vol. 29, No. 1, pp. 66-76, Jan. 2014. 

[15] A. Das, H. Nademi, and L. Norum, “A method for 
charging and discharging capacitors in modular multilevel 
converter,” in IECON 2011-37th Annual Conf. IEEE Ind. 
Electron. Society, pp. 1058-1062, 2011. 

[16] K. Shi, F. Shen, D. Lv, P. Lin, M. Chen, and D. Xu, “A 
novel start-up scheme for modular multilevel converter,” 
in Energy Conversion Congress and Exposition (ECCE), 
pp. 4180-4187, 2012. 

[17] M. Hagiwara and H. Akagi, “Control and experiment of 
pulse width-modulated modular multilevel converters,” 
IEEE Trans. Power Electron., Vol. 24, No. 7, pp. 
1737-1746, Jul. 2009. 

[18] E. Solas, G. Abad, J.A. Barrena, S. Aurtenetxea, A. Carcar 
and L. Zajac, “Modular multilevel converter with different 
submodule concepts—part II: experimental validation and 
comparison for HVDC application,” IEEE Tans. Ind. 
Electron., Vol. 60, No. 10, pp.4536-4545, Oct. 2013. 

[19] M. Glinka, “Prototype of multiphase modular multilevel 
converter with 2 MW power rating and 17 level output 
voltage,” in Power Electronics Specialists Conference 
(PESC), pp. 2572-2576, 2004. 

[20] Y. Zhou, D. Jiang, P. Hu, J. Guo, Y. Liang, and Z. Lin, “A 
prototype of modular multilevel converters,” IEEE Trans. 
Power Electron., Vol. 29, No. 7, pp. 3267-3278, Jul. 2014. 

[21] L. Dong, G. Tang, Z. He and P. Hui, “A new type 
real-time simulation platform for modular multilevel 
converter based HVDC,” in Proc. IEEE PES Asia-Pacific 
Power and Energy Engineering Conference, pp. 1-5, 2012. 

[22] T. Maguire and J. Giesbrecht, “Small time-step (<2μSec) 
VSC model for the real time digital simulator,” in Proc. 
Int. Conf. Power Syst. Transients (IPST), Montreal, QC, 
Canada, 2005. 

[23] Q. Tu and Z. Xu, “Impact of sampling frequency on 
harmonic distortion for modular multilevel converter,” 
IEEE Trans. Power Del., Vol. 26, No.1, pp. 298-306, Jan. 
2011. 

[24] Q. Tu, Z. Xu, and L. Xu, “Reduced switching-frequency 
modulation and circulating current suppression for 
modular multilevel converters,” IEEE Trans. Power Del., 
Vol. 26, No. 3, pp. 2009-2017, Jul. 2011. 

[25] D. Siemaszko, “Fast sorting method for balancing 
capacitor voltages in modular multilevel converter,” IEEE 
Trans. Power Electron., Vol. 30, No. 1, pp. 463-470, Jan. 
2015. 

[26] M. Guan, Z. Xu, and H. Chen, “Control and modulation 
strategies for modular multilevel converter based HVDC 
system,” in IECON 2011-37th Annual Conference on 
IEEE Industrial Electronics Society, 2011. 

 
Chongru Liu (M’10-SM’15) received her 
B.S., M.S., and Ph.D. degrees in Electrical 
Engineering from Tsinghua University, 
Beijing, China. She was a Visiting Professor 
at the University of Hong Kong, Pok Fu Lam, 
Hong Kong, China, from 2009 to 2010, and a 
Visiting Professor at Washington State 
University, Pullman, WA, USA, from 2010 to 

2011. She is presently working as a Professor in the School of 
Electrical and Electronic Engineering, North China Electric 
Power University, Beijing, China. Dr. Liu is a Member of the 

National Power System Management and Information Exchange 
Standardization Committee of China. She is a Member of Beijing 
Nova and is supported by the program of New Century Excellent 
Talents in her University.  
 

 

 
Pengfei Tian received his B.S. and M.S. 
degrees from the School of Electrical and 
Electronic Engineering, North China Electric 
Power University, Beijing, China. His current 
research interests include MMC-HVDC 
system modeling and simulation.  
 
 

 
 

 
Yu Wang received his B.S. degree from the 
School of Electrical and Electronic 
Engineering, North China Electric Power 
University, Beijing, China; where he is 
presently working towards his M.S. degree in 
the School of Electrical and Electronic 
Engineering. His current research interests 
include MMC-HVDC system modeling and 

control strategies. 
 
 
 
 

Qi Guo received his Ph.D. degree from 
Tsinghua University, Beijing, China. He is 
presently working as an Engineer in the 
Research Center of China Southern Power 
Grid, Guangzhou, China. His current research 
interests include power grid simulation 
technologies, control strategies and the 
protection of HVDC systems.  

 
 
 
 

Xuehua Lin received her M.S. degree in the 
School of Electrical and Electronic 
Engineering, North China Electric Power 
University, Beijing, China. Her current 
research interests include MMC based HVDC 
system modeling, control and protection 
technologies. 
 

 
 
 

 
Jiayu Wang received her B.S. degree from 
the School of Electrical and Electronic 
Engineering, North China Electric Power 
University. Beijing, China; where she is 
presently working towards her M.S. degree 
in the School of Electrical and Electronic 
Engineering. Her current research interests 
include MMC-HVDC system modeling and 

control strategies. 


