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Abstract—This paper aims to present a novel control strategy 
for Modular Multilevel Converters (MMC) based on differential 
flatness theory (DFT), in which instantaneous active and reactive 
power values are considered as the flat outputs. To this purpose, 
a mathematical model of the MMC taking into account dynamics 
of the ac-side current and the dc-side voltage of the converter is 
derived in a d-q reference frame. Using this model, the flat 
outputs-based dynamic model of MMC is obtained to reach the 
initial value of the proposed controller inputs. In order to 
mitigate the negative effects of the input disturbance, model 
errors, and system uncertainties on the operating performance of 
the MMC, the integral-proportional terms of the flat output 
errors are added to the initial inputs. This can be achieved 
through defining a control Lyapunov function which can ensure 
the stability of the MMC under various operating points. 
Moreover, the small-signal linearization method is applied to the 
proposed flat output-based model to separately evaluate the 
variation effects of controller inputs on flat outputs. The 
proficiency of the proposed method is researched via MATLAB 
simulation. Simulation results highlight the capability of the 
proposed controller in both steady-state and transient conditions 
in maintaining MMC currents and voltages, through managing 
active and reactive power. 

Index Terms—Modular Multilevel Converter (MMC), 
differential flatness theory (DFT), active and reactive power. 
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Abbreviation  
 

MMC Modular Multilevel Converter 
SLPWM Shifted Level Pulse Width Modulation 
DFT Differential Flatness Theory 
SM Sub-Modules 
PCC Point of Common Coupling 
KVL Kirchhoff's Voltage Law 
KCL Kirchhoff's Current Law 
Variables  
ik Output Currents of MMC 
iuk Upper’s arm Currents of MMC 
ilk Lower’s arm Currents of MMC 
icirk Circulating Currents of MMC 
idq Output Currents of MMC in d-q reference 

frame 
icir0 Circulating Currents of MMC in 0dq reference 

frame 
vdc Dc link voltage of MMC 
vuk Upper’s SM voltages of MMC 
vlk Lower’s SM voltages of MMC 
uk The control factors of MMC  
udq The control factors of MMC in d-q reference 

frame 
vk PCC voltages 
vm The maximum magnitude of PCC voltages 
vdq PCC voltages in d-q reference frame 
P Instantaneous active power of MMC 
Q Instantaneous reactive power of MMC 
y12 Flat Outputs 
x123 The state variables 
u12 The control inputs 
ei1 The proportional errors of the flat outputs 
ei2 The integral errors of the flat outputs 

iy  The perturbations of flat outputs 
iu  The perturbations of control inputs 

Parameters  

L Output inductance of MMC 
R Output resistance of MMC 
Lt Arm’s inductance of MMC 
Rt Arm’s resistance of MMC 
Cf AC Filter Capacitor 
Cdc dc-link Capacitor 
N Sub modules numbers in per arm 
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II. INTRODUCTION 
igh-power and Medium-voltage power electronics-

based converters have been continuously employed in 
high-technology industries, traction systems and 

regenerative energy sources, since they offer effective power 
structures, flexible designed controllers, various dynamic 
models, and effective pulse-width-modulation (PWM) 
techniques [1-4]. These features can lead to low harmonic 
components, fast responses against dynamic changes, 
improved power factors as well as power quality in grid-
connected systems, not to mention a ride-through capability 
and/or a redundant converter design in various operating 
conditions [5-7]. Among existing power electronic-based 
converters, modular multilevel converters (MMCs) have been 
gaining popularity due to their full modularity and easy extend 
ability to meet different voltage and power level requirements 
in various applications i.e., photovoltaic systems, large wind 
turbines, ac motor drives, HVDC systems, dc-dc transformers, 
battery electric vehicles, distributed energy resources (DERs), 
and flexible alternating current transmission systems (FACTS) 
[8-13]. 

However, the MMCs commonly demand complex control 
configurations in compression with other converter topologies. 
Therefore, designing an appropriate control technique for the 
control and operation of the MMC in power systems is 
essential. To this end, several studies in the literature have 
addressed the control concept of the MMCs in power systems 
which will be briefly presented as follows [14–24]. A nearest 
level control (NLC) along with an optimized control strategy 
is proposed to govern the MMC operation in [14], which is 
based on the dynamic redundancy and the utilization ratio of 
the sub-modules. A model predictive direct current control is 
provided for the MMC in [15]. The proposed control 
technique can maintain the load current within strict bounds 
around sinusoidal references and minimize capacitor voltage 
changes and circulating currents. In recent years, dynamic 
models for MMCs have been the topics of several work [16-
18]. In [18], a new switching-cycle state-space model is 
designed for a MMC in which a respective switching-cycle 
control approach is also proposed by considering the unused 
switching states of the converter. Through using the average 
voltage of all the sub-modules (SMs) in each control cycle, a 
fast voltage-balancing control along with a numerical 
simulation model are proposed for the MMC in [19]. The 
sinusoidal common-mode (CM) voltage and circulating 
currents are employed for designing various control 
techniques in MMCs.  In fact, in order to attenuate the low-
frequency components of the SM capacitor voltage, the 
sinusoidal common-mode voltage and circulating current are 
used to design a control strategy for the MMC in [20]. In [21], 
optimized sinusoidal CM voltage and circulating current are 
used to limit the SM capacitor voltage ripple and the peak 
value of the arm current. Also, for adjustable-speed drive 
(ASD) application under constant torque low-speed operation, 
two control techniques based on injecting a square-wave CM 
voltage on the ac-side and a circulating current are proposed to 
reduce the magnitude of the SM capacitor voltage ripple [22]. 
Furthermore, a control strategy based on a sinusoidal CM 
voltage and circulating current is proposed for an MMC-based 

ASD over the complete operating speed region [23]. In 
addition, the peak value of the sinusoidal common mode 
voltage can be a key solution for analyzing the SM capacitor 
voltage ripple [24]. 

In this paper, a novel control strategy based on differential 
flatness theory (DFT), inspired by that was used for the 
control of converters in [25-27], is presented to control the 
operation of MMC in power systems. The flat outputs required 
for the DFT-based control technique are the instantaneous 
active and reactive power of the MMC. The initial values of 
the proposed controller inputs can be driven by a new dynamic 
equation of the MMC, achieved as per the flat outputs. Then, a 
control Lyapunov function based on the respective integral-
proportional errors of flat output is utilized to provide a stable 
operation against input disturbance, model errors, and system 
uncertainties. Also, in order to evaluate the variation effects of 
controller inputs on flat outputs, the relevant transfer functions 
are obtained through the small signal model of the flat 
outputs-based dynamic equations. In comparison with other 
existing control techniques for MMC, the proposed controller 
exhibits several considerable advantages in terms of the 
stability issues for robustness enhancement, highly 
improvements of MMC power sharing ability, less overshoot 
and undershoot for SM voltages and transient through 
considering simultaneously all the input disturbance, model 
errors, and system uncertainties and applying directly the 
MMC active and reactive power as the state variables. The 
simulation analysis using Matlab/Simulink clearly 
demonstrates the effectiveness of the DFT-based control 
strategy in the proposed MMC-based model under different 
operating modes. 
 

III. PROPOSED CONTROL TECHNIQUE 
   Fig. 1 depicts a circuit diagram of the proposed MMC-

based model. The MMC consists of six sub-modules in series 
in each upper and lower arm. Each sub-module can be 
modeled as a half-bridge IGBT-diode switch-based rectifier.  
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Fig.1. The circuit diagram of the proposed MMC-based model 
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Two resistance-inductance loads are connected to the PCC 
in which the second load enters in operating mode by means 
of the switch at a determined time. Also, a capacitor filter is 
considered at the PCC of the MMC to improve output ac 
voltages. Since the dynamic equations of the proposed model 
are considered in the design of the proposed control strategy; 
thus, these basic equations as well as a new dynamic model 
based on the outputs of DFT are extracted in this section. 

A. Dynamic analysis of the proposed MMC-based model 
As can be seen in Fig. 1, the series connection of sub-

modules in both upper and lower arms of the MMC are 
represented by the controllable voltage sources of vuk and vlk 
respectively.  

These voltages play a key role in controlling the MMC in 
different operating conditions. As per Fig. 1, the relationships 
between arm’s currents and ac voltages of the MMC, taking 
into account the dc-link voltage and controllable voltage 
sources, can be expressed as, 

0
2

k uk dc
k k t t uk uk

di di vv L Ri L Ri v
dt dt

        
(1) 

0
2
dck lk

k k t t lk lk
vdi div L Ri L R i v

dt dt
        

(2) 

By summing (1) and (2), the basic dynamic model of the 
proposed MMC-based model can be obtained as, 

2 2 0
2 2

t k t
k k k

L L di R R i u v
dt

          
   

 (3) 

where uk lk ki i i  . The control factor of ku  is equal to   

  / 2k uk lku v v  which reflects the effect of both controllable 

voltage sources. In addition, the dc-link voltage term is 
eliminated in (3). By applying KCL’s law in the determined 
points of A and B in Fig.1, the relationships between the 
MMC’s arm currents and the dc-link voltage are stated 
respectively as, 

 dc
dc ua ub uc

dvC i i i
dt

     
(4) 

 dc
dc la lb lc

dvC i i i
dt

    
(5) 

Considering circulating currents as   /2 /3cirk uk lk dci i i i    and 

summing up equations (4) and (5), the dynamic equation of 
dc-link voltage can be obtained as, 

0dc
dc cira cirb circ dc

dvC i i i i
dt

      (6) 

 Thus, the dynamics of the proposed MMC in the abc 
reference frame can be obtained as (7), 
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The park transformation matrix is considered as, 
     
     

0

cos cos 2 / 3 cos 2 / 3
2 sin sin 2 / 3 sin 2 / 3
3

1 / 2 1 / 2 1 / 2

d a

q b

c

m t t t m
m t t t m
m m

    
    

     
             
        

 (8) 

In (8), the variables of ‘m’ represent all state variables of the 
proposed MMC. By applying the Park transformation matrix 
of (8) to (7), the basic dynamic model of the proposed MMC-
based model in d-q frame is driven as, 

2 2 2 0
2 2 2

t d t t
d q d d

L L di R R L Li i u v
dt


                

     
 

(9) 

2 2 2 0
2 2 2

qt t t
q d q q

diL L R R L Li i u v
dt


                

     
 

(10) 

03 0dc
dc cir dc

dvC i i
dt

    
(11) 

Equations (9)-(11) present a basic dynamic model of the 
MMC-based model. These equations are used to propose the 
new dynamic model utilized to project the DFT-based control 
technique and to evaluate the variation effects of controller 
inputs on flat outputs. 

B. The proposed DFT-Based Control Technique 
 The DFT as an effective nonlinear approach is used to 

design an appropriate controller to represent the nonlinear 
properties of the proposed MMC-based model [25-28]. 
Flatness properties were firstly introduced by Fliess et al. 
[28].A nonlinear system can be called as a flat one if all state 
variables, control inputs and a finite number of the control 
inputs time derivatives of the nonlinear system can be stated 
based on the system outputs without any integration [25]. For 
this flat system, the outputs are considered as the flat outputs. 
In the next consequence, the output variables of the flat system 
should be achieved as functions of the state variables, the 
input variables, and a finite number of their time derivatives. 
The mathematical description of a flat system can be 
explained as follows. Considering the general form of the 
system as (12), 

 
 

,

,

x f x u

y h x u






 

                                     (12) 

 Based on the flat definition, (13) should be governed as, 
  , , , , ...,y g x u u u u                                  (13) 

Also, another property of a flat system can be written as, 
  , , , ...,x y y y y                                   (14) 
  , , , ...,y y y y y                                   (15) 

Based on these aforementioned descriptions, defining 
appropriate flat outputs, control inputs and state variables of 
the proposed model as the basic requirements of the DFT is 
firstly considered as follows. According to the basic dynamic 
model of the MMC, the DFT variables are given as, 
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(16) 

Based on (16), the instantaneous active and reactive power 
of MMC is determined as flat outputs. The relations between 
flat outputs and MMC state variables can be expressed as, 

   1 2
1 1 2 2,

d d

y yx y x y
v v

    


                       (17) 

According to DFT properties, the proposed MMC-based 
model is flat, if a set of state variables, so-called flat outputs, 
from its dynamic model can be found. Therefore, the 
differential part of the flat output can be expressed by 
determined state variables and control inputs without any 
integration. Thus, through equations (9), (10), and (17), the 
dynamic representation of specified flat outputs in the 
proposed control technique can be achieved as, 
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(19) 

Equations (17), (18) and (19) are used to attain the initial 
values of the control technique inputs as, 
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In order to obtain a robust control system against the input 

disturbance, model errors, and system uncertainties, 
proportional-integral errors of the flat outputs are defined as, 

    * *
1 2 0

,
t

i i i i i ie y y e y h y h dh                  (22) 

 
The flat output errors are entirely considered through ei1 and 

ei2 that can lead to designing a proper controller for decreasing 
the various errors of MMC active and reactive power sharing. 
The effects of the flat output errors on the proposed control 
inputs can be specified by the stability evaluation of the 
following Lyapunov function as, 
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The accurate operation of DFT with approaching the flat 
output errors to zero can be guaranteed by stability analysis of 
(23). The derivative of (23) is driven as, 
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(24) 

Equations (22) and (24) can be rewritten based on (18) and 
(19), as follows, 
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(25) 

By making flat outputs-based Lyapunov function globally 
asymptotically stable, (25) leads to the proposed control inputs 
as, 
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(27) 

 
The proposed control inputs of (26) and (27) lead to the 

global asymptotic stability of flat outputs errors-based 
Lyapaunov function as, 

  2 2
11 12 21 22 1 11 2 21, , , 0E e e e e e e                              (28) 

Equation (28) verifies that the designed closed-loop control 
technique driven from (26) and (27) can provide a stable 
operation of the proposed MMC-based model. The block 
diagram of the proposed control technique is presented in 
Fig.2. The flat outputs errors and their integral are calculated 
from the measured instantaneous active and reactive power 
and the desired values of instantaneous power of the MMC as 
depicted in the block diagram. In order to reach global results 
for the proposed DFT based controller, *

d dv v  for the term 

of dv and consequently 0dv  . 
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Fig. 2. The proposed control technique of DFT (a) the component of u1 (b) the 
component of u2. 
 

IV. EFFECTS OF THE CONTROL INPUTS PERTURBATION 

The MMC control inputs 1u  and 2u  aim to provide 
accurate tracking for the flat outputs. Thus, the MMC 
operation through presenting suitable active and reactive 
power sharing is highly dependent on the control inputs. The 
effects of control input variations on the flat outputs are 
investigated in this section. By applying (17) to (18) and (19) 
and using the small signal linearization technique, the relations 
between the perturbations of flat outputs and control inputs 
can be achieved as, 

1 11 1 12 2( ) ( )y F s u F s u                                            (29) 

2 21 1 22 2( ) ( )y F s u F s u                                            (30) 

The transformation functions ( ( )ijF s ) presented in (29) 
and (30) are defined as, 

11

12 21

22

2 2
2 2

( )

2 2
2 2

( ) ,    ( )

2 2
2 2

( )

d t
d

d t t

d d
t t

d t
d

d t t

v R Rs v
v L L L L

F s

v v
L L L L

F s F s

v R Rs v
v L L L L

F s

 

    
           


   

         
 

    
           







 

        
 
 
 
 

(31) 

where the term of   in (31) is equal to, 

2

2 22 22
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d t d t
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       

                        

   
                                 

(32) 

Each transformation function of ( )ijF s  is used to show the 
effect of the control inputs on their respective flat outputs. 
Furthermore, based on equations (29) and (30), each of flat 
outputs is affected by both control inputs. The Bode diagram 
is used to evaluate the impact of each control input on the flat 
outputs when the perturbation is being increased. The MMC 
parameters given in Table I, are used in this section. The 
effects of the control inputs are separately considered as, 
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(33) 

 
Fig. 3 shows the Bode diagram of the proposed flat outputs 

with the perturbation variations of the first control input. As it 
can be seen from this figure, an increase in the perturbation of 
the first control input impacts on the second flat output is more 
considerable than that on the first flat output. It means that the 
perturbation of the first control input can lead to a significant 
deviation of the second flat output from its desired value 
during the MMC operation. The perturbation effect of the 
second control input is examined in Fig. 4. As can be seen 
from the curves in Fig. 4, in comparison with the second flat 
output, the first flat output is significantly affected by the 
perturbation variations of the second control input. 

 

V. SIMULATION RESULTS 
To verify the effectiveness of the proposed control 

technique, a detailed model of the aforementioned system as 
summarized in Fig. 5 is implemented in the Matlab/Simulink. 
It is worth mentioning that the discrete mode with a sample 
time of 50 microsec is selected to execute the simulation of the 
MMC-based model in the Matlab environment. In order to 
assess the performance of the proposed technique, a load step 
change is applied to the system. Initially, in the steady state 
condition the MMC is regulated to provide the required power 
of 5.5MW+j2MVAR for a RL load. Then, in the load variation 
state, it is stepped up to 10 MW+j5MVAR. 

A. Control Technique Effect Assessment 
To assess the capability of the proposed DFT in a steady-

state operation of the MMC, two time intervals are considered 
in this subsection. The first load, given in table I, is used in 
both operating conditions. In the first interval from 0 to 0.4, 
the control technique is applied to the MMC resulting in a 
stable voltage as shown in Fig. 6. Then, at t=0.4 s, the 
designed control method is removed from the MMC. In 
consequence of the controller absence, the MMC SM voltages 
deviate from their desired values as depicted in Fig. 7. In fact, 
the lack of the proposed control technique leads to an 
unbalanced and unstable voltage at PCC. Fig. 8 and Fig. 9 
show the corresponding active and reactive power sharing 
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among the MMC, load and capacitor filter. According to these 
figures, after removing the proposed control technique, all 
active and reactive power experience severe transient 
responses with high fluctuations, unable to track their 
reference values. 

B. Load Variation Evaluation 
To evaluate the dynamic operation of the proposed control 

technique during transient state due to changes in loads 
connected to the PCC, MMC variables consisting of the flat 
outputs, output and SM voltages are taken into account. The 
proposed MMC model parameters for relevant loads are given 
in Table I.  

Fig. 10 shows the SM’s voltages of the phase “a” for a load 
change at t=0.4s. It can be seen that in spite of the load change 
the upper and lower SM’s voltages maintain their reference 
values after a short transient period. In addition, the PCC 
voltage of phase “a” is illustrated in Fig. 11. According to this 
simulation result, the proposed MMC model performs 
properly to maintain the output AC voltage regardless of the 
slight undershoot and overshoot due to a load variation at the 
starting point.  

 

 
(a) 

 
(b) 

Fig. 3. The perturbation effect of first control input on (a) the first flat output 
(b) the second flat output. 

 
(a) 

 
(b) 

Fig. 4. The effects of second control inputs on (a) the first flat output (b) the 
second flat output. 
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Fig. 5. The single diagram of simulated model. 

 
Fig. 6. SM’s voltages of MMC. 
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Fig. 7. Voltage at PCC in phase “a”. 

 
Fig. 8. Active power of MMC, load and AC filter. 

 
Fig. 9. Reactive power of MMC, load and AC filter. 

 
TABLE I 

THE PROPOSED MMC MODEL SPECIFICATIONS WITH RELATED LOADS  
( )tL mH  20  ( N )  6 

( )L mH  45 ( )f Hz  50 

( )tR   1 Load Active Power I 5.5MW 

( )R   0.1 Load Reactive Power I 2MVAR 

( )dcv V  36000 Load Active Power II 4.5MW 

( )mv V  20000 Load Reactive Power II 3MVAR 

 
 
The flat outputs including active and reactive power values 

are shown in Fig. 12 and Fig. 13. In steady state operation, the 
active power of the MMC follows properly the active power 
of load and the AC filter capacitor as depicted in Fig. 12. 
Moreover, it can be seen from the responses during the time 
interval of [0.4, 0.8] that the proposed control technique is 
able to maintain the stability of the active power of the MMC 
after a short transient period. The MMC reactive power 
performance as the second flat output is evaluated in Fig. 13. 
The reactive power demanded from the load to maintain PCC 
voltages can be appropriately provided by the proposed MMC 
model through the AC filter capacitor. 

 

 
Fig. 10. SM’s voltages of MMC with load variations at t=0.4 s. 

 
Fig. 11. PCC voltage of phase “a” with load variations at t=0.4 s. 

 
Fig. 12. Active power of MMC, load and AC filter with load variations at 

t=0.4 s. 

 
Fig. 13. Reactive power of MMC, load and AC filter with load variations at 

t=0.4 s. 

C. Parameters Variation Evaluation 
As discussed earlier, the proposed control technique can 

operate well under parameter variations. As per the MMC 
parameter patterns in both states presented in Table I and 
Table II, SM’s voltages of the MMC can be satisfied as shown 
in Fig. 14. It should be noted that although the SM’s voltages 
experience an undershoot immediately after parameters 
variation time, the reference values of this voltage can be 
followed by the MMC after a short transient period.  

This confirms approaching the negative effects of the 
parameter variation to zero. While parameters variation takes 
place, the output voltage of MMC in phase “a” is involved 
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with a short transient time as shown in Fig. 15. Then, a 
sinusoidal pure waveform is achieved for MMC output 
voltage due to the stable operation of the proposed control 
technique. 

As renewable energy systems are expected to make a 
significant contribution to supply worldwide electricity in a 
more secure and economic way, it is essential to carry on 
verifying the effeteness of control systems under the condition 
that there is an imbalance the generated and the consumed 
power. This research may be regarded as a basis for the 
development of modular multilevel converters and controllers 
in grid-connected systems to provide a long-term energy 
security. 

To evaluate the ability of the proposed MMC-based model at 
reaching the desired value of its flat outputs under parameter 
variations, following scenario is given through Fig. 16 and 
Fig. 17. The MMC first operates in a steady state in which the 
MMC and the load active power approach to its target values. 
Then, after a parameter variation, the active power of the 
MMC, introduced as the first flat output experiences temporal 
fluctuations which will be attenuated after some short time 
cycles. In fact, the proposed control technique offers stable 
active power for the MMC, the load and the AC filter 
capacitor. In addition, the proposed technique contributes to 
provide the reactive power known as the second flat output of 
the MMC even parameter variation happens. As can be seen 
from Fig. 17, the transient waveforms of the load and MMC 
reactive power during parameters variation can be damped and 
subsequently the desired reactive power can be achieved. 

 
 

TABLE II 
THE SECOND PARAMETERS FOR THE PROPOSED MMC MODEL  

2 ( )tL m H
 

35 2 ( )tR   2.5 

2 ( )L mH  30 2 ( )R   0.22 

 
 
 

 
Fig. 14. SM’s voltages of MMC with parameters variations at t=0.4 s. 

 
Fig. 15. PCC voltage of phase “a” with parameters variations at t=0.4 s.   

 
Fig. 16. Active power of MMC, load and AC filter with parameters variations 

at t=0.4 s. 

 
Fig. 17. Reactive power of MMC, load and AC filter with parameters 

variations at t=0.4 s. 

VI. CONCLUSION 
This paper addressed the differential flatness theory (DFT), 

used to control a modular multilevel converter (MMC), as a 
new contribution to earlier studies. Using the basic dynamic 
model of MMC in a d-q reference frame as well as defining 
appropriate flat outputs, new flat outputs-based dynamic 
equations were achieved. Then, these equations were used to 
obtain an initial value for controller inputs. In order to 
guarantee the stable operation of the MMC against the input 
disturbance, model errors, and system uncertainties, a control 
Lyapunov function based on integral-proportional errors of the 
flat output was employed. In addition, the small-signal model 
of the flat outputs-based dynamic equation was developed and 
then the variation effects of controller inputs on flat outputs 
were accurately assessed. To evaluate the effectiveness of the 
proposed DFT-based control technique, Matlab simulations 
were carried out under challenging conditions, namely 
variations in parameters and load. The simulation results 
validated that the proposed control technique upholds the 
voltage levels accurately through providing active and reactive 
power. Overall, this novel DFT-based control scheme offered 
an efficient control design which can be upgraded to a varied 
range of complex converter topologies used for renewable 
energy applications. 
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