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Abstract—A control technique is proposed in this paper for 

control of modular multilevel converters (MMC) in high-voltage 
direct current (HVDC) transmission systems. Six independent 
dynamical state variables are considered in the proposed control 
technique, including two ac currents, three circulating currents, 
and the dc-link voltage, for effectively attaining the switching 
state functions of MMCs, as well as for an accurate control of the 
circulating currents. Several analytical expressions are derived 
based on the reference values of the state variables for obtaining 
the MMC switching functions under steady state operating 
conditions. In addition, dynamic parts of the switching functions 
are accomplished by direct Lyapunov method (DLM) to 
guarantee a stable operation of the proposed technique for 
control of MMCs in HVDC systems. Moreover, the capability 
curve (CC) of MMC is developed to validate maximum power 
injection from MMCs into the power grid and/or loads. The 
impacts of the variations of MMC output and dc-link currents on 
the stability of dc-link voltage are also evaluated in detail by 
small-signal analysis.  

Index Terms— High-Voltage Direct Current (HVDC) systems, 
modular multilevel converter (MMC), direct Lyapunov method 
(DLM), stability analysis. 

I. NOMENCLATURE 

Indices  
k a,b,c 
i 1,2 
Abbreviations  
HVDC High-Voltage Direct-Current 
MMC Modular Multilevel Converter 
DLM Direct Lyapunov Method 
VSC Voltage-Source Converter 
MPC Model Predictive Control 
CC Capability Curve 
KVL Kirchhoff's Voltage Law 
KCL Kirchhoff's Current Law 
SMs Sub-Modules 
Variables  
iki MMC currents 
iulki Upper and Lower arm currents 
icirki Circulating currents of MMCs 

idci dc link currents of MMCs 
idqi MMC currents in dq frame 
icirdq0i Circulating currents in dq0 

*
dqii  Reference currents of MMC 
*

0cirdq ii  Reference circulating current 
*
dcii  Reference dc link current 

Δ idqi MMC currents variations 
Δ idci dc link currents variations 
Iavdqi Average values of MMC currents 
vki Output voltages of MMC 
vulki Upper and Lower arm voltages of MMC 
vdc, dc link voltage 
vdqi MMC output voltages in dq frame 

*
dqiv  Reference MMC output voltages 
*
dcv  Reference dc link voltage 

vtdqi Terminal voltages of MMC 
Δvdc dc link voltage variation 
Δvdci MMC effects on dc link voltage 
Pi MMC active power 
ΔPi MMC active power variation 
Qi MMC reactive power 
ΔQi MMC reactive power variation 
uk(1,2)i MMC switching functions 

*
0(12)dq iu  Reference MMC switching functions 

udq0(1,2)i MMC switching function in dq frame 
Δudq0(1,2)i Dynamic of MMC switching function 
(-ψ, -χ) The center of idi-iqi curve 
r The radius of idi-iqi curve 
(-ψ’, -χ’) The center of Pi-Qi curve 
r’ The radius of Pi-Qi curve 
Parameters  
L MMC inductance 
R MMC resistance 
Lul Upper and lower arm inductance 
Rul  Upper and lower arm resistance 
Lt Equivalent inductance of MMC arm 
Rt Equivalent resistance of MMC arm 
Cdc The equivalent capacitance of MMCs 
Rdc The total switching loss of MMCs 
ω Angular frequency of MMC voltage 
α(1-5)i Coefficients of DLM controller 
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II. INTRODUCTION 
istinguished features of MMCs, including decentralized 
energy storages, modular structure, easy redundant SMs, 
simple fault identification and clearance promoted the 

utilization of MMCs in high and medium voltage/power 
applications [1-2]. Attentions have been attracted to designing 
proper controllers [3-5], deriving comprehensive general and 
inner dynamic models [6-9] and presenting effective 
modulation methods for the new approach [10-12]. The most 
significant technology concerned to connecting remotely 
located off-shore wind farms interest the major industrial 
centers and up-to-dated researchers in using the different kinds 
of MMC in VSC-HVDC transmission systems [13-16].  

Analyzing detailed mathematical models of MMC utilized 
in HVDC applications offers simultaneous control of active 
and reactive power and desired dc link voltage in various 
operating conditions. In [17] an open-loop strategy is designed 
for controlling the total amount of energy stored inside the 
MMC. The control technique employs the steady-state 
solutions of the dynamic equations to make the system 
globally asymptotically stable [17]. Generic voltage-based and 
energy-based control structures for MMC inverters are 
presented in [18] that include voltage balancing between the 
upper and lower arms. Then, an improved pulse width 
modulation based control technique is also proposed in the 
same reference in order to balance the voltage among arm 
capacitors. The new technique overcomes some major 
disadvantages corresponding to the applied voltage balancing 
methods, such as voltage sorting algorithm, extra switching 
actions, and interference with output voltage. In [19], a digital 
plug-in repetitive controller is designed to control a carrier-
phase-shift pulse-width-modulation (CPS-PWM)-based 
MMC. The improved circulating current control method with 
its stability analysis has the merits of simplicity, versatility, 
and better performance of circulating harmonic current 
elimination in comparison with the traditional proportional 
integral controller [19]. Three cost functions based on an MPC 
are presented in [20] that result in a reduced number of states 
considered for the ac-side current, circulating current, and 
capacitor voltage-balancing controls of an MMC. The duty of 
the first cost function is controlling the ac-side current without 
considering redundancy. The second one is for the control of 
the dc-link current ripple, the transient characteristics of the 
unbalanced voltage condition, and the circulating current. 
Finally, the last one is designed for reaching the capacitor 
voltage balancing and reducing the switching frequency of the 
SM [20]. In addition to the modeling and control schemes 
analyzed in [21], a switching-cycle state-space model based on 
the unused switching states of an MMC and the corresponding 
control method is proposed in [22].  

By calculating the average voltage of all SMs in one arm 
during each control cycle and comparing it with the capacitor 
voltage of each SM, the switching state of each SM in MMCs 
is obtained in [23]. In this method, a little sorting of the 
capacitor voltages is employed and consequently the 
calculation burden on the controller is significantly decreased.  

In order to investigate the impact of the voltage-balancing 
control on the switching frequency in an MMC, the dynamic 
relations between the SM’s capacitor unbalanced voltage and 

converter switching frequency are achieved in [24]. 
Furthermore, by considering negative effects of the 
unbalanced voltage on the SM capacitor voltage ripple and 
voltage/current harmonics, the design interaction between 
switching frequency and SM capacitance, as well as  
the selection of unbalanced voltage, are also accomplished in 
[24]. A control technique targeting independent management 
of capacitor’s average voltage in each MMC arm is performed 
in [25]. In this method, a decomposition of arms energy in 
different components is considered based on the symmetries 
of MMC arms. By considering the effects of ac and dc 
systems, a dynamic MMC model with four independent 
components of upper and lower arm currents are introduced in 
[26]. By using this model, dynamical analysis of currents and 
also design and implementation of current controllers are 
become simplified. 

A dynamic model, control and stability analysis of MMC-
HVDC transmission systems is presented in this paper. The 
main contributions are fourfold:  
(1) obtaining a comprehensive dynamic model in d-q frame 
for MMC-based HVDC system with six independent 
dynamical state variables, including two ac currents, three 
circulating currents, and the dc-link voltage. 
(2) developing the dynamic parts of switching functions by the 
use of DLM to reach globally asymptotical stability. 
(3) deriving a detailed capability curve (CC) based on active 
and reactive power of the MMC for the proposed system, 
investigating the impacts of various values of the dc-link 
currents on CC; it can be used to verify the maximum capacity 
of interfaced MMC for injection of active and reactive power 
into the power grid. 
(4) performing a comprehensive investigation of MMC output 
and dc-link current variations effects on dc-link voltage 
stability by using small-signal analysis. 

The rest of this paper is organized into seven sections. 
Following the introduction, the dynamic model of MMC-
based HVDC is presented in Section III. Steady state analysis 
of the proposed model is provided in Section IV, while 
dynamic stability analysis is assessed in Section V. In Section 
VI, capability curve analysis of MMC is executed, and dc-link 
voltage stability analysis is performed in Section VII. 
Simulation results and conclusion are presented in Sections 
VIII and IX.  

III. THE PROPOSED MMC-BASED HVDC MODEL 
The proposed MMC-based HVDC transmission system 

with two three-phase transformers utilized for the aims of 
insulation and voltage conversion are illustrated in Fig. 1. 

Each MMC is composed of six SMs in its either upper or 
lower arms along with relevant resistance and inductance to 
mimic arm losses and limit arm-current harmonics and fault 
currents, respectively.  

Rdc is the total switching loss of MMCs. Considering each 
SM to be an IGBT half-bridge converter, rudimentary 
operational manner of SMs can be explicitly seen throughout 
dynamic analysis of MMC.  

Furthermore, the two ac systems are linked to the 
transformers through resistances and inductances of ac side as 
shown in Fig. 1. 

D
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Fig. 1. General model of the proposed MMC-based HVDC system. 

 
A. The mathematical model 

As can be seen in Fig. 1, grounding points are considered at 
each neutral point of ac systems and transformers with Y 
connection.  

Ascertaining another grounding point in the dc-link voltage 
of MMCs, (1) and (2) are obtained by applying KVL law to 
the loop including dc-link and MMC ac-side voltages as, 

0
2

ki uki dc
ki ki u u uki uki

di di vv L Ri L R i v
dt dt

        
 
(1) 

0
2

ki lki dc
ki ki l l lki lki

di di vv L Ri L R i v
dt dt

         
 
(2) 

Following variables are defined as, 

ki uki lkii i i  , 
2 3

uki lki dci
cirki

i i ii 
  , 1 2

uki lki
k i

v vu 
 , 

2 2
uki lki

k i
v vu 

  

 
 
(3) 

Subtracting and summing up (1) from and to (2), besides 
using the defined terms in (3), the dynamic equations of 
MMCs can be achieved as, 

1
2 2

0
2 2

t ki t
ki k i ki

L L di R R
i u v

dt
    

      
   

 
(4) 

2 0
3 2

cirki dci dc
t t cirki t k i

di i vL R i R u
dt

      
(5) 

The equivalent circuits of (4) and (5) are drawn in Fig. 2. 
The output currents of MMCs can be controlled by accurate 
analysis of the circuit shown in Fig. 2(a) and thus the 
switching function of uk1i is a key factor to regulate MMCs 
active and reactive power acquired by output currents and 
voltages.  

As shown in Fig. 2(b), mitigation of circulating currents is 
depending on the appropriate adjustment of dc link voltage of 
MMCs. In addition, the switching function of uk2i   plays an 
important role in effective minimization of undesirable 
distortions caused by MMC’s circulating currents.  

The dynamic relations between dc-link voltage and the 
upper or lower arms currents can be derived by applying a 
KCL to the dc-link of Fig. 1, 

  0dc dc
dc uai ubi uci dci

dc

dv vC i i i i
dt R        

(6) 

   
 1

2 lki ukiv v
kii 2

tL
2

tR
LR kivtk

/ 2dcv


 1

2 lki ukiv v
3
dci

t
iRcirkii tR tL

N
O

 
Fig. 2. Equivalent circuits of: (a) Dynamic model based on MMC output 
currents, (b) dynamic model based on circulating currents. 

  0dc dc
dc lai lbi lci dci

dc

dv vC i i i i
dt R        

(7) 

By adding (6) and (7) and also using the relationship of 
circulating current in (3), the dynamic relation of dc-link 
voltage and circulating currents is deduced as, 

1 2 0dc dc
dc cirai cirbi circi dc dc

dc

dv v
C i i i i i

dt R
        

(8) 

By applying Park’s transformation to the (4), (5), and (8), 
general dynamic equations of the proposed model in 0dq 
reference frame and based on a selected set of state variables 
including MMC’s output currents, circulating currents and 
also dc-link voltage can be expressed as, 

1

1

2

2

2 2 2
0

2 2 2
2 2 2

0
2 2 2

0

0

t di t t
di qi d i di

qit t t
qi di q i qi

cirdi
t t cirdi t cirqi d i

cirqi
t t cirqi t cirdi q i

t

L L di R R L L
i i u v

dt
diL L R R L L

i i u v
dt

di
L R i L i u

dt
di

L R i L i u
dt

L









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

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

   

   

0
0 02

0 1 2

3 2 2 0
2

3 0

cir i dc
t cir i i t dci

dc dc
dc cir i dc dc

dc

di vR i u R i
dt
dv v

C i i i
dt R

    

    

         (9) 

The needs for reaching well-designed current control loops 
and guaranteeing desirably balanced operation of dc-link and 
SM voltages verify that the different parts of (9) should be 
accurately identified for a fine design of the proposed 
controller to attain respective aims. The following sections 
will cover all mentioned points. 
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IV. STEADY STATE ANALYSIS 
The state variables of the proposed model should be kept in 

their desired values in steady state operating condition, 
regardless of experiencing new circumstances such as a step 
load change. Consequently, the reference values *

dii  and *
qii are 

calculated as demonstrated in Fig. 3. As a matter of fact, the q 
component of ac voltages should be equal to zero for balanced 
and sinusoidal ac systems. This means that the reference 
values of MMCs ac voltages are approached to *

di div v  and 
* 0qiv  . Based on two first terms of (9) and with respect to 

the above points, the first switching state functions of MMC in 
steady state operating condition are derived as shown in Fig.4: 

*
* * * *

1

*
* * *
1

2 2 2
2 2 2

2 2 2
2 2 2

t di t t
d i di qi di

qit t t
q i qi di

L L di R R L Lu i i v
dt

diL L R R L L
u i i

dt





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

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

(10) 

In the same condition, the circulating currents of MMCs 
should be governed to become zero, * * *

0 0cirdi cirqi cir ii i i   . 
As a result, the second switching functions of MMCs are 
obtained in accordance to (9) and given in Fig. 5. 

*
* * * *

2 2 02
3 20,   0,   2

2
dc

d i q i i t dci
vu u u R i     

(11) 

Combining (10) and (11) leads to the main upper and lower 
switching functions of MMCs in steady state operation. Using 
the last term of (9), the dynamic of dc link voltage in steady 
state can be expressed as, 

* * * *
1 2dc dc dc dc

dc dc dc dc

dv v i i
dt C R C C

     
(12) 

Equation (12) shows the dynamic relation between dc link 
voltage and currents of MMCs. Under the steady state 
operation, dc link voltage will be equal to, 

 * * *
1 2dc dc dc dcv R i i    (13) 

Equation (13) shows that dc link voltage is dependent on dc 
currents of MMCs in steady state operating condition. Since 
dc currents of MMCs are related to the lower and upper 
MMCs currents, it is understood from (13) that a proper 
control of output and circulating currents of MMCs yields a 
balanced value for dc link voltage of MMCs. 

V. DYNAMIC STABILITY ANALYSIS 
An accurate operation of the system can be provided by 

taking all possible dynamic changes into account. Dynamic 
presentation of all state variables involved in the proposed 
HVDC system can be stated as, 

* * *
1 2 3

* * *
4 5 0 0 6

,  ,  

,  ,  
i di di i qi qi i cirdi cirdi

i cirqi cirqi i cir i cir i i dc dc

x i i x i i x i i

x i i x i i x v v

     

     
 

 
(14) 

Total dynamic saved energy is a basic requirement for 
DLM. Following the points discussed above, the dynamic 
energy function of the proposed model can be calculated as, 

2 2 2 2 2 2
1 2 3 4 5 6

2 2( )
4 4 2 2 2 2

t t t t t dc
i i i i i i i

L L L L L L L CH x x x x x x x 
       

(15) 


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


*
iQ pqik
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

*
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Fig. 3. Calculation of MMC output currents. 
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Fig. 4. Switching functions based on MMC output currents (a) d-component, 
(b) q-component. 
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Fig. 5. Switching functions based on circulating currents (a) d-component, (b) 
q-component, (c) 0-component. 
 
The time-based derivation of (15) can be expressed as, 

1 1 2 2 3 3

4 4 5 5 6 6

2 2
( )

2 2
t t

i i i i i t i i

t i i t i i dc i i

L L L L
H x x x x x L x x

L x x L x x C x x

 
   

 

   

  

 
(16) 

Each part of (16) can be obtained from (9) and (14) as, 

   

   
 

2
1 1 1

* *
2 1 1 1 1 1

2
2 2 2

* *
1 2 1 1 2 2

2 *
3 3 3 4 3 2 2 3

2 2 2
2 2 2

2 2 2
2 2 2

t t t
i i i

i i d i d i i di di i

t t t
i i i

i i q i q i i qi qi i

t i i t i t i i d i d i i
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L L R R L Lx x x
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L x x R x L x x u u x
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



           
   

   

              

   

    







  
 

   

 
 

2 *
4 4 4 3 4 2 2 4

2 *
5 5 5 02 02 5

* *
5 5

2
*6

6 6 5 6 1 1 6

*
2 2 6

3 2 2
2

3

i i t i t i i q i q i i

t i i t i i i i

dc dc i t dci dci i

i
dc i i i i dc dc i

dc

dc dc i

x x R x L x x u u x

L x x R x u u x

v v x R i i x

xc x x x x i i x
R

i i x

    

    

  

    

 
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In addition, the MMCs switching functions are extended to 
(18) with dynamic components which are used by the 
proposed controller during dynamic changes, 

*
(12) (12) (12)dq i dq i dq iu u u                                                 (18) 

The first part of (18), (12)dq iu , is the dynamic part of the 
MMC switching functions in d-q reference frame that can be 
achieved by DLM. This part is responsible to maintain the 
stability of the proposed model against load variations. Second 
part of (18) is related to the steady state part of MMC 
switching functions shown as *

(12)dq iu . This part is employed 
so that the state variables of the proposed model follow a 
special reference values without any dynamic change.  

By substitution of (17) and (18) in (16), the summarized 
derivation of MMCs total saved energy is attained as (19), 

       

   

    

2 2 2 2 2
1 2 3 4 5

* *
1 1 1 2 2 3

*
2 4 02 6 6 5

2
* * 6

1 1 2 2 6

2 2( )
2 2

3 2 2 3
2

t t
i i i t i t i t i

d i di di i q i qi qi i d i i

q i i i i t dci dci i i

i
dc dc dc dc i

dc

R R R RH x x x R x R x R x

u v v x u v v x u x

u x u x R i i x x

xi i i i x
R

            
   

         

 
          
 

      
 



       (19) 

According to DLM, a time-varying system with certain state 
variables will become asymptotically globally stable, if the 
total saved energy function of system is positive and its 
derivative is definitely negative. 

Therefore, taking into account DLM principle and all terms 
present in (19), the dynamic components of the MMCs 
switching functions are, 

   

 

* *
1 1 1 1 2 2

2 3 3 2 4 4

*
02 5 5 6 6

,  

,     

3 2 2 3
2

d i i i di di q i i i qi qi

d i i i q i i i

i i i i t dci dci i

u x v v u x v v

u x u x

u x x R i i x

 

 



       

   

 
        

 

(20) 

The coefficients of 3i  are the effective factors for 
regulating the dynamic parts of the proposed controller that 
should be chosen appropriately [27]. Terms of (20) guarantee 
the ultimate designed controller operation against any sudden 
dynamic changes. As can be seen in (20), due to presence of 
steady state values in (20), the accurate performance of 
dynamic parts of switching function are highly reliant on the 
correct functioning of the proposed model in steady state 
conditions. Considering (20), all terms available in (19) can 
evidently identified to be negative values or zero except for 
the last term that is, 

    
2

* * 6
1 1 2 2 6

i
dc dc dc dc i

dc

xi i i i x
R

 
      
 

                        (21)  

By assuming balanced MMCs circulating currents, equation 
(8) can be rewritten as, 

1 2 0dc dc
dc dc dc

dc

dv v
C i i

dt R
                                                (22) 

Eq. (21) can also be restated with respect to (14) and (22) as, 

6
6

i
dc i

dxC x
dt

                                                                      (23) 

In order to investigate the impact of (23) on (19), the various 
possible amounts that exist for (23) are discussed in this 
section. Fig. 6 shows the various states of (23). Noticing the 
reference value demonstrated in red, two possible constant and 
fluctuated states are considered for dc-link voltage as shown in 
Fig. 6. The constant states specified with state 1 and state 2 
can be more or less than the reference value (for equal value, 

6 0ix  ). For fluctuated cases, three states are considered. As 
can be seen in Fig. 6, for the states of 1 and 2, (23) is equal to 
zero (dx6i/dt=0). Moreover, for fluctuated states, since the sign 
of dx6i/dt is varying due to the variation of voltage slopes, the 
ultimate value of (23) becomes periodically positive or 
negative as depicted in Fig. 6. This is indicating that (23) is 
always close to zero in other states and consequently not able 
to noticeably impact the negative value of (19). Therefore, the 
whole term of (19) is definitely negative or zero. 

VI. CAPABILITY CURVE ANALYSIS OF THE MMCS 
Identifying maximum capability of each MMC in active and 

reactive power injection during operating condition of HVDC 
system leads to a more accurate design for the controller. The 
relation between the dc-link voltage and the ac side voltage of 
each MMC shown in Fig. 1 can be achieved as, 

dc dci tdi di tqi qiv i v i v i   (24) 
 

In addition, the relation between the ac side and the output 
voltage of each MMC in d-q frame can be driven by applying 
KVL’s law to Fig. 1, 

di
tdi di d i q i

qi
tqi qi q i di

div v L R i L i
d t

di
v v L R i L i

d t





   

   

                                    (25) 

By assuming didqi/dt=Iavdqi and substituting (25) in (24), the 
following circle is obtained as, 

   

   

22 2

22

2

,
2 2

4

4

di qi

a vqi q ia vdi di

avdi di a vqi q i dc d ci

i i r

L I vL I v
R R

LI v LI v Rv i
r

R

 

 

   


 

   


       (26) 

Equation (26) is a circle with the center of (-ψ, -χ) and radius 
of r. This circle describes a given area of MMC output current 
based on a dq frame in which the maximum and minimum 
values of the current can be accurately calculated.  

By substituting idi=Pi/vdi and iqi.=-Qi/vdi in (26), the 
following relation is obtained as, 

 

*
dcv dcv

0dcv 
0dcv 

 
Fig. 6. Different states of vdc and dvdc/dt. 
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   2 2 2 ,  , i i di di diP Q r v v r v r                   (27) 

The relation described in (27) is the capability curve of 
MMC as a circle with the center of (-ψ’, -χ’) and radius of r’. 
Capability curve of MMCs are plotted in Fig. 7. The smallest 
circles shown in Fig. 7(a) and Fig. 7(b) are typical MMC CC 
with idc>0 and idc<0 respectively.  

By increasing the positive values of idc and decreasing the 
negative values of idc, CC can vary as depicted in Fig. 7 for 
different dc-link current values. As shown in these figures, the 
positive and negative areas of CC are significantly altered for 
both active and reactive power by changing dc-link currents. 
This has to be noted while designing any control process. 

VII. DC-LINK VOLTAGE STABILITY ANALYSIS 
How the changes of different variables available in the 

proposed HVDC system affect the dc-link voltage stability is 
discussed in this section.  

With respect to (22), next equation can be inferred as, 
1 2dc dc

dc
dc dc

dv v P PC
dt R v


    

(28) 

Applying small signal linearization to (28), the relation 
between dc link voltage and MMC active power variation is 
obtained as, 

* *
1 2 1 2

*2 *
1

dc dc
dc dc dc

P P P PC s v
R v v

   
      

 
 

(29) 

By substituting (25) in (24), (30) is achieved as, 
22

2 2

2 2
qidi

dc dci i di qi
didiL Lv i P Ri Ri

dt dt
      

(30) 

Another relation between Δvdc and ΔPi can be derived by the 
use of small signal linearization for (30) as, 

   * * * *2 2i dc dci dc dci di di qi qiP v i v i Ls R i i Ls R i i           (31) 

By substituting (31) in (29), the effects of active power of 
MMC1 and MMC2 on the dc link voltage can be stated as (32) 
and (33) respectively, 

 
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  (32) 
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  (33) 

Considering steady state operational condition of (28), i  is 
equal to, 

*
* *2 dc

i dc dc dci
dc

vC v s i
R

 
     

 
 

(34) 

Using (32) and (33), each part of dc-link voltage variations 
can be rewritten as follows, 

1 2 3dci i di i qi i dciv f i f i f i        (35) 

(a) (b) 
Fig. 7. Capability curve of MMCs (a) increasing idc>0, (b) decreasing idc<0. 

 
Thus, the effects of the MMC d-q components and dc-link 

currents variation on dc-link voltage stability can be evaluated 
by (35). The Nyquist diagrams of each fij for various positive 
increasing values of dc-link current are separately depicted in 
Fig. 8. As realized from Fig. 8 (a) and Fig. 8 (b), fi1 and fi2 
cannot lead to a noticeable instability in dc-link voltage. But, 
according to Fig. 8 (c), fi3 significantly increases the instability 
margins in both generation and control processes of dc-link 
voltage in HVDC system. For this case, regulating dc-link 
current at desired value is a vital operation in order to reach a 
stable dc-link voltage.  

The same discussion is governed for various negative 
decreasing values of dc-link current as shown in Fig. 9. 
However, by decreasing the negative values of dc-link current, 
fi3 diagram is gone to the right-hand part and its magnitude is 
drastically decreased as illustrated in Fig. 9 (c) and 
consequently improves the stabilizing properties of fi3. 

VIII. SIMULATION RESULTS 
The purpose of this section is to assess the capability of the 

proposed control scheme at reaching the desired values of 
MMC currents, voltages, and active and reactive power under 
both dynamic and steady state operating conditions. System 
parameters and the MMC rated values are listed in Table I. 

 

(a) (b) 

 
(c) 

Fig. 8. Nyquist diagram of dc-link voltage variations for idci>0 due to (a) d-
component variations of MMC current (fi1) (b) q-component variations of 
MMC current (fi2) (c) dc-link current variations (fi3). 
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(a) (b) 

 
(c) 

Fig.9. Nyquist diagram of dc-link voltage variations for idci<0 due to:  
(a) d-component variations of MMCs currents (fi1), (b) q-component 
variations of MMCs currents (fi2), and (c) dc-link current variations (fi3). 

 
SimPower package of Matlab software is utilized to execute 

this assessment process as structured in Fig 10. For the 
modulation method, SLPWM technique is selected to 
synthesize gate switching signals for MMCs. To show 
effectively the impact of DLM on the stability of the proposed 
controller, two simulation processes will be considered. As a 
common operation in both processes, firstly the proposed 
HVDC system works in steady state and each MMC is 
responsible to supply active and reactive power required by 
the respective loads. Then, in the second time of each 
simulation, load changes take place at t=0.4s and t=0.6 s for 
MMC1 and MMC2, respectively, in which, in the first process 
DLM is not used, while the completed proposed controller 
with DLM is employed in the second process. The results are 
presented and discussed in the following section. 

A. dc-link and ac voltages evaluation 
Figs. 11 and 12 shows SM voltages and also dc and ac side 

voltages of MMCs in two simulation processes: without and 
with DLM. As can be observed, appropriate steady-state 
operation for dc-link voltage, upper and lower SMs voltages, 
and ac side voltages of MMCs are achieved with DLM.  

TABLE I 
UNITS FOR MAGNETIC PROPERTIES 

fac 60 HZ C 4mF 

fs 10 kHz Cfi 650µF 
*
dcv  18kV Pi 20MW 

vc 3kV Qi 10MVAR 

L 45mH Transformer  
power rating 

8kV/23kV (∆/Y) 

R 0.3Ω MMC1 load I  75MW,-25MVAR 

Lt 12mH MMC1 load II  85MW,80MVAR 

Rt 1Ω MMC2 load I  20MW,7MVAR 

n 6 MMC2 load II  35MW,25MVAR 

1dq iu

02dq iu

0udqv 0ldqv

uabcv
labcv

abciabcciriabcv

 
Fig.10. Overall structure of the proposed controller. 

 
Fig. 11 shows that not using DLM in the proposed controller 

leads to the divergence of MMCs voltages from its desired 
values when the load changes happen for MMC1 and MMC2 
at t=0.4s and t=0.6s, respectively.  

Fig. 12 demonstrates the accurate operation of the proposed 
controller included DLM in both dynamic and steady states. 
According to this figure, in response to a transient variation, 
the dc link voltage is kept in desired value with small 
deviations.  

 

 
Fig.11. SM voltages and dc and ac side voltages of MMCs without DLM. 
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Fig.12. SM voltages and dc and ac side voltages of MMCs with DLM. 
 

In addition, during both dynamic and steady operation of the 
proposed controller, the upper and lower SMs voltages follow 
the reference value of * / 6dcv   with acceptable fluctuations.  

The appropriate ac side voltages of MMCs are also obtained 
as shown in Fig. 12. The MMC2 should act as an inverter and 
consequently generation of sinusoidal and balanced ac 
voltages is a main duty of MMC2, which is completely 
performed as depicted in Fig. 12. 

B. Analysis of MMC currents 
To verify suitable performance of the proposed control 

technique for minimizing MMC circulating currents and 
regulating dc-link and ac currents of MMCs, Figs. 13 and 14 
can be referred to.  

Fig. 13 shows the simulation results of the proposed MMC-
based HVDC system under operation of the proposed 
controller without DLM. As it can be understood from this 
figure, when load changes take place for MMCs, the controller 
without DLM is not able to keep the proposed system in stable 
operation and consequently the currents of MMC1 and MMC2 
become unstable at t=0.4 s and t=0.6 s, respectively.  

From circulating current waveforms of Fig. 14, it can be 
derived that minimizing these currents in both MMCs are 
properly done by the steady state section of the proposed 
controller and subsequently, in case of sudden loads changes, 
DLM fully provides dynamic control requirements in order to 
keep the currents at the minimized values.  

Moreover, Fig. 14 shows the dc link currents of MMC1 and 
MMC2 respectively in both dynamic and steady states. 
Considering the dynamic step change time of t=0.4s and 
t=0.6s for MMC1 and MMC2 respectively, the duration of 
transient time and transient error values are insignificant in the 
second simulation process with DLM. Also the ac-side 
currents of MMCs are shown in Fig. 14.  

As can be seen, current waveforms and their changes are 
proportional to the instantaneous needs of the load. They are 

also influenced by the function of keeping output voltages of 
MMC2 sinusoidal and balanced.  

The d and q components of MMC currents are shown in 
Figs. 15 and 16. As can be seen, these components become 
unstable when DLM is not considered in the proposed control 
technique. When DLM is used in dynamic state operation of 
the proposed HVDC system, these currents move on their 
desired values with a small transient response time. 

C. Active and reactive power sharing assessment 
The proposed control technique of MMC is also responsible 

to provide the active and reactive power demanded from the 
proposed HVDC system. 

MMCs active and reactive power waveforms are illustrated 
in Figs. 17 and 18. Firstly, MMC1 and MMC2 are aimed to 
supply loads of 10MW+j(-10)MVAR and 3MW+j0.7MVAR 
respectively. Then, another set of loads as 8MW+j9MVAR 
and 7MW+j4MVAR are connected to MMC1 and MMC2 
respectively at t=0.4s and t=0.6s, respectively. 

Fig. 17 verifies that the proposed controller without DLM 
cannot lead to a stable active and reactive power sharing for 
MMCs in dynamic operating condition.  

 

 

 

 Fig. 13. Circulating, dc-link and ac-side currents of the interfaced MMCs 
without DLM. 
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Fig. 14. Circulating, dc-link and ac-side currents of the interfaced MMCs 
with DLM. 
 

 

 

 
Fig. 15. d and q components of MMCs currents without DLM. 

 

 
Fig. 16. d and q components of MMCs currents with DLM. 
 

 
On the other hand, as can be seen in Fig. 18, MMCs active 

power orientation is in the direction of its respective load 
active power. Also the dynamic change of loads is highly 
compensated with a fast transient response, due to the proper 
controlled reaction operated by the designed DLM as depicted 
in Fig. 18. 

Moreover, according to Fig. 18, the reactive power injection 
by MMC1 is due to the presence of respective reactive loads 
in both steady state and dynamic operating conditions of the 
proposed HVDC system, even though the scenario is different 
for MMC2. Fig. 18 also shows that due to presence of filter 
capacitance at the output of MMC2 for the aim of achieving 
the desired sinusoidal voltages, MMC2 consumes reactive 
power. 

IX. CONCLUSION 
This paper presented a d-q frame based model of MMC-

HVDC with six independent dynamical state variables, 
including ac and circulating currents and also dc-link voltage, 
to effectively obtain the switching functions of MMC as well 
as for accurate circulating current control. Based on the 
reference values of selected state variables, the MMC 
switching functions under steady state were obtained to 
regulate the MMC operation in this state. Moreover, DLM was 
employed to develop dynamic parts of switching functions to 
reach globally asymptotically stability. In fact, using DLM 
leads to a proper operation of the designed controller and a 
better stabilization of MMC-HVDC against dynamic changes. 
Then, capability curve analysis of the interfaced MMCs in the 
proposed system was carried out by considering the effects of 
dc-link current changes. Furthermore, effects of MMC output 
and dc-link current variations on the dc-link voltage stability 
were evaluated in detail. Finally, the validity of the proposed 
controller for the proposed MMC-HVDC system was 
thoroughly verified and demonstrated by analyzing the 
simulation results achieved in Matlab/Simulink environment 
modeling. 
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Fig.17. MMC1 and MMC2 active and reactive power waveforms without 
DLM. 
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