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Abstract. This paper presents the dc-link capacitor balancing control scheme and effective current regulation 
algorithms for the modular cascaded converters (MCCs). The analytical model for the dc-link voltage balancing 
and capacitor energy mechanism are presented. Based on the devised control models, an effective control method 
is devised for the dc-link capacitor voltages, i.e., the sum capacitor voltage controller (SCVC), difference 
capacitor voltage controller (DCVC). In order to improve the tracking accuracy of the current regulator, the 
model predictive current controller (MPCC) is devsied and implemented. To minimize the circulating current, an 
effective circulating current damping controller (CCDC) is proposed by using a proportional-resonant controller. 
Digital simulation of the single-phase five-level MCC is carried out using the Electromagnetic Transient 
Program, which confirms the validity of the devised algorithms.  
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1 INTRODUCTION 
Large inverters have traditionally satisfied the ever-

increasing demand of high-power applications, which 
currently extend from the tens to hundreds of 
megawatts. Some examples of this fact are the medium-
voltage range (2.3 to 13.8 KV) AC motor drives. 
Nowadays, it is problematic to connect only one power 
semiconductor switch directly to the grid due to the 
high-voltage range. In order to solve this difficulty, a 
new type of the power converter has been introduced as 
a solution in high power applications [1-5]. 

Multilevel voltage-source converters (VSCs) allow a 
significant reduction of the harmonic content of the 
output voltage as compared to the traditional two-level 
VSCs [1]. Among the various multilevel topologies [2], 
the fairly recently proposed modular multilevel cascade 
converter (MMCC) [3] has many attractive properties. 

As the name suggests, the topology is modular and 
easily scalable in terms of voltage levels. It consists of 
N identical series-connected sub-modules per arm, 
which brings flexibility to the circuit design, and results 
in low-voltage steps [4, 5]. 

Multilevel converters use high-speed switching 
components, avoiding the problem of linking them 
directly to the grid by connecting single devices among 
multiple DC levels. Multilevel converters are found in 
many applications, such as industrial motor drives, 
utility interfaces for the renewable energy systems 
(photovoltaic, wind energy and fuel cells), flexible AC 
transmission systems (FACTS), high-voltage direct 
current transmission (HVDC), and traction drives 
systems [3]. 

Figure 1 shows the circuit diagram of the three-phase 
modular cascaded converter (MCC) topology, 
consisting of six leg-arms, with n identical half-bridge 
converter submodule in each leg-arm. Each module is 
consists of two IGBTs and two anti-parallel diodes, and 
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with a dc-link capacitor. When the upper IGBT is on 
and the lower IGBT is off, the module is switched on. 
Conversely, when the lower IGBT is on and the upper 
IGBT is off, the submodule is switched off. By 
dynamically controlling the switching states of the 
IGBTs in each converter arm, the output multilevel 
voltage can be synthesized, thus the high-power MCC 
can be realized. 

 

 
Figure 1. Circuit diagram of the three-phase MCC topology. 

 
In high-voltage applications, n may be as high as 

several hundreds, which is an ideal choice for high-
voltage high-power applications, such as HVDC, high-
power motor drives, and electric railway supplies [5-8]. 
The grid-connected MCC may act as a rectifier,  
inverter, inductor, and capacitor, depending on the 
phase difference between the supply voltage and 
current. This implies that the MCC is required to 
achieve rigid and stable voltage control of all the 
floating dc capacitors under all operating states. 

This paper presents the dc-link capacitor balancing 
and effective current control methodologies for the 
MCC. Organization of this paper is as follows. Section 
2 presents the system description of the MCC system. 
Section 3 presents the modeling and analysis of the 
MCC. Section 4 presents the control strategies of the 
MCC, including the sum capacitor voltage controller 
(SCVC), the difference capacitor voltage controller 
(DCVC), the predictive current loop controller (PCC) 
and the circulating current damping controller (CCDC). 
Section 5 presents the simulation results. Section 6 
concludes the paper. 

2 INTRODUCTION OF THE MODULAR 
CASCADED CONVERTER (MCC) 

Figure 2 shows the circuit diagram of the single-
phase MCC. The dc side of the MCC is denoted by two 
series-connected DC voltage sources Vd/2. The buffer 
inductance and resistance are denoted as Le and Re, 
respectively. The upper arm and lower arm contain two 
half-bridge chopper cells with equal dc-link capacitors. 

The output of the MCC is connected to the grid through 
the coupling inductance L, which is omitted in Figure 2 
for the sake of brevity. Figure 3 shows the detailed 
illustration of the submodule and the available power-
electronic devices HVIGBT, IGBT Presspack and the 
IGCT Presspack [1, 2]. 
 

 
Figure 2. Circuit diagram of the single-phase MCC topology. 
 

 
Figure 3. The detailed illustration of the submodule and the available 
power electronic devices HVIGBT, IGBT Presspack and the IGCT 
Presspack. 

 
 

3 DYNAMIC MODELING OF THE MODULAR 
CASCADED CONVERTER (MCC) 

To derive the mathematical model of the MCC 
converter, let us consider a generic converter with N 
sub-modules per arm, each arm is controlled with the 
modulation index m(t), where m(t)=0 and m(t)=1mean 
that all sub-modules in the arm are either by-passed  or 
inserted. The ideal capacitance of the arm is denoted as:  

, /u d dcC C N=                              (1) 
where Cu,d denotes the capacitance of each chopper cell. 
Therefore, the following equation holds for the upper 
leg currents: 

, ( ) ( ) ( )dc u u u

u

d u t m t i t

dt C
=å

                   (2) 

The similar equation can be bulit for the lower leg. 
Referring to Fig.1, when only the single-phase leg is 

considered, and introducing the current iz0 
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u z
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d z
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i i= - +  (3)  

where iu and id represent the upper and lower arm 
currents. Hence, the load current is represented as: 

L u di i i= -                               (4) 
From Fig.2, the following equations are derived by 

using the Kirchhoff’s Voltage Law (KVL): 
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where uv denotes the voltage at the center of the 
converter leg. 

According to Eq.(5), we can get: 
, ,0

0 0 2 2
u dc u d dc dz d

z e z e

m u m udi V
u R i L

dt

+
= + = - å å                                                

(6) 
, ,

2 2 2
u dc u d dc d e e L

v L

m u m u R L di
u i

dt

-
= - -å å         (7) 

where uz0 denotes the voltage drop across the Re and Le. 
From Eq.(6) and Eq.(7), we get: 
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where ( )dcu tå  and ( )dcu tD denote the sum and 
difference between , ( )dc uu tå and , ( )dc du tå . The 
modulation index mu and md can be denoted as: 
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From Eqs.(6)-(10), we get: 
0

0
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dt C V V
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From Eq.(6), the MMCC system dynamic charercter 
can be described as: 
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The approximated steady state solution of iz0 can be 
derived from Eq.(13) by assuming the uz0 is smaller 
compared with Vd, thus we get: 

0
v L
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Therefore, the uz0 is derived as: 

                 
2

0
2

2
d v

z
d

V u
u

V
= -                        (15) 

Assuming the output voltage uv  is as followed : 
sin( )v mu V tw=                        (16) 

Either in the active power or in the reactive power 
transmission mode , iz0 can be derived as: 

0

(1 cos(2 ))
2

sin(2 )
2

m Lm

d
z

m Lm

d

V I
t

V
i

V I
t

V

w

w

ì -ïï= í
ï
ïî

               (17) 

when ILm represents the amplitude of iL. iz0 contains a 
second order oscillation term, which causes unnecessary 
circulating currents and power loss across the arms. 
Similarly, when the converters work in the harmonic 
compensation mode, the even harmonic oscillation is 
appeared. Therefore, it is necessary to minimize the 
power loss generated by iz0. 

 

4 CONTROL STRATEGIES OF THE MCC 
Figure 4 shows the control architecture for the 

proposed MCC,which is implented in EMTP simulation 
platform. The devised control strategies of  the MCC 
include the sum capacitor voltage controller (SCVC) , 
the difference capacitor voltage controller (DCVC) and 
the current tracking controller (CC). The SCVC block is 
used to control the whole energy of the leg, and the 
DCVC block is used to keep the balance between upper 
and lower arms of the MMCC phase-leg. Since total 
energy and energy balance interacts dynamically, the 
DCVC loop is tuned to be about ten percent of the 
SCVC loop in order to achieve the decoupled control. 

 
Figure 4.The control block diagram of the MCC system. 
 

4.1 Sum-Capacitor Voltage Controller  

It is well known that the active and reacitve power 
transmission between the converter and the grid 
depends on the magnitude and phase of the synthesized 
multilevel voltage ucu (ucd) with respect to the grid 
voltage vg. To control the  total energy stored in the 
MCC converter leg, the sum-capacitor voltage 
controller (SCVC) is used. One input of the controller is 
sum of all the dc-link capacitor voltage, and another is 
the reference voltage which is set to 2Vd. It was found 
that the proportional-integral (PI) controller is sufficient 
to control the error between sum-capacitor voltage and 
its reference, which is crucial to ensure global stability 
under a wide operation range .  

4.2 Difference-Capacitor Voltage Controller  

In addition to the sum-capacitor voltage controller, 
which regulates the total active power absorption of 
MCC, the difference capacitor voltage should also be 
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regulated. Referring to Eq (12), the term iL is not 
producing any average value since it is an AC 
component in steady state. The term -2iz0uv/Vd also 
contributes only by an oscillating term, if iz0 does not 
have any component with the same frequency as uv. The 
only quantity that can be freely varied without causing 
deviations from uv reference is iz0. Therefore, the only 
way to essume the energy balance between the two arms 
is to control the circulating current iz0. Similarly, the PI 
controller is utilized to control the difference capacitor 
voltage to its reference (zero). 

4.3 Current Tracking Controller  

From Figure 2. The differential equation across the 
grid impedance is described as: 

= + + L
g v L L

di
v u r i L

dt
× ×                  (18) 

where L and rL denote the grid coupling inductance and 
its equivalent resistance. Applying Laplace transform to 
Eq.(18), and assuming vdis= vg - uv, the following 
equation can be derived: 

( ) 1
( )

L

dis L

I s

V s r L s
=

+ ×
                (19) 

The open-loop transfer function for the current 
tracking controller Gopen can be represented as:  

1 1( ) ( )
1open cc

d L

G s G s
T s r L s

= × ×
+ × + ×

       (20) 

where Td denotes the control delay time, Gcc(s) 
represents the transfer function of the current controller, 
which can be a proportional-integral (PI) controller or 
the proportional resonant (PR) controller. However, the 
PI regulator shows unsatisfatory performance for 
current tracking of alternating reference signal, which 
results in remarkable phase and amplitude errors. On the 
other hand, the PR controller can achieve perfect 
tracking performance for the alternating signal, which 
mimics the PI regulator implemented in the 
synchronous reference frame with the following transfer 
function: 

 0
2 2

0 01
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s n s Q n

w
w w=
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+ +å       (21) 

where KP is the proportional gain, Krn is the gain of 
resonant term at nth order harmonic, 0w is the 
fundamental angular frequency of the grid voltage, and 
Q is the quality factor.  

Notably, a higher Q results in higher resonant peak in 
the frequency domain characteristics, narrower 
bandwidth and increased oscillation in current tracking. 
On the other hand, if Q is selected too small, the steady-
state error would be increased. Therefore, in order to 
achieve zero steady-state error and sufficient robustness, 
a tradeoff must be made when selecting the parameter 
Q. The value Q, KP, Krn and additional poles and zeros 
must be carefully evaluated, particularly with 
consideration to system stability and robustness. 

Usually, the genetic algorithm is used for parameter 
selection and optimization. 

Similarly, the circulating-current damping controller 
(CCDC) is utilized by PR controller, where n=2, It is 
realized to eliminate the oscilation of the alternating 
signal at 100Hz  . 
 

5 SIMULATION RESULTS 
To validate the effectiveness of the control strategies, 

the digital simulation of the single-phase five-level 
MCC is carried out using the Electromagnetic Transient 
Program (EMTP-ATP). The Transient Analysis of 
Control System (TACS) and the MODEL language in 
the EMTP are utilized to implement the control 
algorithms.  

The system parameters are: the buffer inductance and 
resistance Le=4.5mH, Re=0.03Ohm, Vd=4500V, the dc-
link capacitor value Cdc=2.5mF, the grid inductance 
Ls=5.5mH, Vgrid=2kV (RMS), the capacitor reference 
dc-link voltage Vdc,ref=2250V. 

Figure 6 and Figure 7 show the simulation results of 
the MCC under active power transmission mode 
without and with circulating current damping controller, 
respectively. The reference power is set as Pref=0.2MW. 
The grid voltage undergoes abrupt sag of 0.3pu during 
0.1s~0.2s. The dc-link capacitor voltages udc1~udc4, the 
load current iL, the load voltage vLoad, the grid voltage 
vgrid, and the circulating current iz0 can be observed. In 
Figure 6, the peak active current reference iL,ref=200A, it 
can be observed that the dc-link capacitor voltages of 
each leg are stable both in steady state and transient 
process, and iz0 shows obvious second order oscillation 
with positive dc offset without the circulating current 
controller. Meanwhile, it can be observed from Figure 7 
that when the circulating current damping controller is 
activated, the second order oscillation is eliminated. 

 
Figure 6. The simulation results of MCC for active power 
transmission without circulating current damping controller. (a). The 
dc-link voltages, ac-side current, the grid voltage and output 
multilevel voltage; (b). The enlarged view of the dc-link capacitor 
voltages. 
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Figure.7. The simulation results of MCC for active power 
transmission with circulating current damping controller.  
 
Similarly, Figure 8 and Figure 9 show the simulation 
results of the MCC under reactive power transmission 
mode without and with circulating current damping 
controller, respectively.And the reference power is 
Qref=0.2MWVar. The grid voltage undergoes abrupt sag 
of 0.3pu during 0.1s~0.2s. It can be observed from Fig.9 
second order oscillation is eliminated when the 
circulating current damping controller is activated, and 
the circulating current is almost zero since the active 
power transmission of the MCC system is zero. 
 

 
Figure 8. The simulation results of MCC for reactive power 
transmission without circulating current damping controller.  
 

 
Figure 9. The simulation results of MCC for reactive power 
transmission with circulating current damping controller.  

 

6 CONCLUSION  
The paper proposes dc capacitor balancing and 

effective-current control methodologies for the modular 
multilevel cascaded converter (MCC). Based on the 
capacitor energy-evolving mechanism, an effective 
capacitor-control scheme is devised, which includes the 
sum-capacitor voltage controller (SCVC) and the 
difference-capacitor voltage controller (DCVC). To 
enhance the tracking accuracy of the current-control 
loop, a predictive current controller (PCC) is presented. 
To minimize the circulating current of the MCC, an 
effective circulating-current damping controller 
(CCDC) is proposed using a proportional-resonant 
controller. The simulation results under the active 
rectifier and the reactive compensation modes are 
presented for verification, which shows perfect 
capacitor-voltage balancing control and precise current 
tracking.  
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