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Abstract—A control technique of multilevel converter 

topologies based on Direct Lyapunov Control method is 
presented in this paper for integration of Distributed Generation 
(DG) resources into the power grid. The compensation of 
instantaneous variations in the reference current components in 
ac-side and dc-voltage variations of cascaded capacitors in dc-side 
of the interfacing system are considered properly, which is the 
main contribution and novelty of this work in comparison with 
other control strategies. The proposed control technique provides 
the continuous injection of active power in fundamental 
frequency from DG sources to the grid. In addition, reactive 
power and harmonic current components of loads are provided 
with a fast dynamic response; thereby, achieving sinusoidal grid 
currents in phase with load voltages, while the required power 
from load side is more than the maximum capacity of interfaced 
converter, is possible. Simulation results confirm the effectiveness 
of the proposed control strategy in DG technology during 
dynamic and steady-state operating conditions. 

Keywords—Distributed Generation (DG), Direct Lyapunov 
Method (DLM), Energy Management, Multilevel Converter. 

I. NOMENCLATURE 
A. Indices 
   i a,b,c 
   j 1,2 
B. Abbreviations 
   CC Capability Curve 
   DG Distributed Generation 
   DLM Direct Lyapunov Method 
   KVL Kirchhoff’s Voltage Law 
   KCL Kirchhoff’s Current Law 
   LPF Low Pass Filter 
   NPC Neutral Point Clamped 
   PCC Point of Common Coupling 
   PF Power Factor 
   THD Total Harmonic Distortion 
   VSC Voltage Source Converter 
C. Variables 

   igi  Grid Currents 

   il
i  Load Currents 
ici DG Currents 
id Current Components d-axis 
iq Current Components q-axis 

   
 

 
 

idc dc Current 
Idc Steady state value of dc Current 
Irefd Reference current of DG in d-axis 
Irefq Reference current of DG in q-axis 
idhn Load current components in harmonic frequencies 
vdc dc-link voltage 
vgi Grid voltage 
vpcci Voltage at PCC 
vm Reference voltage vector at PCC 
vpccd Load voltage in d-axis 
vpccq Load voltage in q-axis 
vcj Switching state function 
vcs dc-link voltages on the cascaded capacitors 
Ueqj Switching state function 
Uabc Equivalent voltage vectors at PCC Grid voltage 
Sabc Equivalent switching functions at PCC 
Sij Switching of transistors in each phase 

D. Parameters 

  cR  Equivalent resistance of the ac filter, coupling 
transformer, and connection cables 

  cL  Equivalent inductance of the ac filter, coupling 
transformer, and connection cables 

Rg Grid resistance up to the PCC 
Lg Grid inductance up to the PCC 
Rabc Resistance matrix of the DG model 
Labc Inductance matrix of the DG model 
Cj Cascaded dc capacitors 

PDG Reference active power of DG 
Pmax Maximum active power of DG 
QDG Reference reactive power of DG 
Ql Load reactive power 

 ω Grid angular frequency 

  jα  Constant coefficient of switching function in 
dynamic state operation 

  jβ  Constant coefficient of switching function in 
dynamic state operation 

f Fundamental frequency 
fc Cut-off frequency 

II. INTRODUCTION 
Distributed Generation (DG) technology refers to any 

electric power generation technology that is on-site or close to 
the load center [1].  
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DG sources based on renewable energy are seen as a 
reliable alternative to the traditional energy sources based on 
fossil fuel sources. 

The electricity business restructuring and necessity of 
producing more electricity [2], combined with environmental 
regulations due to greenhouse gas emissions [3], and the recent 
improvements in small scale power generation are the main 
factors driving the energy sector into a new era of power 
generation, where large portions of increases in electrical 
energy demand will be met through widespread installation of 
energy sources or what’s known as DG sources [4].  

DG has the potential of being less costly, more efficient, 
more reliable, and facilitates the generation of electricity in 
proximity to load centers, where rural and household consumers 
are the cases that are mostly concerned with it. In addition, it 
can give industrial consumers various options in a wider range 
of high reliability and low price combinations [5]. However, the 
increasing number of DG units in the electrical network 
requires new techniques for the operation and management of 
the network, in order to maintain or even to improve the power 
supply reliability and quality in the future. As a consequence, a 
control technique for power management in the network 
becomes of high interest in this technology [6], [7]. Normally, a 
Voltage Source Converter (VSC) is proposed for the interfacing 
between DG sources and the utility grid, and multilevel 
converters are a good trade-off solution between performance 
and cost in high-power systems. The main advantages of 
multilevel converters are reduced voltage ratings for the 
switches, good harmonic spectrum, and good dynamic 
response; however, the control complexities increase in this 
topology [8]. 

Several studies have been reported in the literature 
regarding the control of multilevel converter topologies, and in 
each control strategy a solution for a problem in the power 
network has been discussed [9]. In this paper, a control plan for 
the multilevel converter topologies based on Direct Lyapunov 
Method (DLM) is proposed for the interconnection of DG 
sources to the grid [10]. A compensation technique for the 
instantaneous variation of reference current components in the 
ac-side and dc-voltage variations of cascaded capacitors in the 
dc-side of interfaced converter are considered precisely, which 
is the main contribution and novelty of this work in comparison 
with other potential control strategies.  

The rest of the paper is organized into four sections. 
Following the introduction, general schematic diagram of the 
proposed DG model will be introduced in Section III and the 
dynamic and steady state analysis of this model will be 
elaborated properly. Application of DLM technique for the 
control and stable operation of DG interface system will be 
presented in section IV. Moreover, simulation results are 
performed to demonstrate the efficiency and applicability of the 
developed control strategy in Section V. Finally, conclusions 
are drawn in Section VI. 

III. PROPOSED DG MODEL 
Fig. 1 illustrates the schematic diagram of the proposed DG 

model, where conventional signs of voltage and current 
components are indicated in this schema. In addition, the DG 
source and additional components are represented as a dc 
current source that is connected to the dc side of the converter. 
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Fig. 1.  Functional diagram of the proposed model. 

A. Dynamic Model Analysis of the Proposed Model 
To draw an appropriate plan to control the integration of 

DG sources to the power grid, a dynamic analytical model of 
the proposed model should be developed. According to Fig. 1, 
KVL and KCL laws for the voltage at PCC and current in dc 
side of interfaced converter leads in, 

( )

( ) ( ) ( )( )

1

1 1 1

2

2 2 2

0

1 1 1 0

a

a a

b

b b

c

c c

a b c

a b c

c
c c c pcc ka kn a

c
c c c pcc kb kn b

c
c c c pcc kc kn c

c
a c b c c c dc

c
a c b c c c dc

di
L R i v v v v

dt
di

L R i v v v v
dt

di
L R i v v v v

dt
dv

C S i S i S i i
dt

dv
C S i S i S i i

dt

+ + = + =

+ + = + =

+ + = + =

+ + + − =

− − + − + − − =

 

 

 

 

(1) 

By substituting the relation between load voltages and 
switching functions of the proposed converter in (1), voltage 
relation between ac and dc sides of the interfacing system can 
be mentioned as, 

1 1 1 2 2 2

, ,1 1
3 3

b c b c

i i n c i n c
n a n a

v S S v S S v
= =

⎛ ⎞ ⎛ ⎞= − + −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

∑ ∑  (2)

By referring to (2), equivalent switching functions in the 
interfacing system can be obtained as, 

1 1 1

2 2 2

,

,

1
3

1
3

i

i

b c

eq i n
n a

b c

eq i n
n a

u S S

u S S

=

=

⎛ ⎞= − −⎜ ⎟
⎝ ⎠
⎛ ⎞= − −⎜ ⎟
⎝ ⎠

∑

∑
                                            (3) 

Eq. (3) demonstrates that the equivalent switching functions 
are depended on the switching of ijS , completely describing 
the behavior of each leg in interfaced converter. By substituting 
(3) in (1), dynamic model of the system can be expressed as, 

1 1 2 2
0abc

abc abc abc abc c abc c abc
dIL R I U v U v S

dt
+ + + + =    (4) 

B. Steady State Analysis of the Proposed Model 
By the use of Park transformation matrix, the dynamic 

model in (4) can be transformed to dq frame. All the alternative 
variables in main frequency are converted to dc value; thus, 
controlling and filtering will be achieved easier [11].  
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Then, dynamic model of the system in dq frame can be 
expressed as, 

( )
( )

1 1 2 2

1 1 2 2

1

1 1

2

2 2

0

0

0

0

d

d q d d d

q

q d q q q

d d q q

d d q q

c
c c c c c c eq c eq pcc

c
c c c c c c eq c eq pcc

c
eq c eq c dc

c
eq c eq c dc

di
L R i L i v u v u v

dt
di

L R i L i v u v u v
dt

dv
C u i u i i

dt
dv

C u i u i i
dt

ω

ω

+ − + + + =

+ + + + + =

− + − =

− + − =
 

 

 

(5) 

Equation (5) illustrates the dynamic equation of the 
proposed DG model in dq frame, which is used for the 
dynamic and steady state analysis of the model. 

IV. PROPOSED CONTROL TECHNIQUE 
The proposed control technique is based on DLM, which is 

an appropriate technique for studying the stability of the 
proposed model in the electrical network [12].  

By the proposed control technique, DG becomes 
strengthened against large signal disturbances and during the 
presence of unexpected changes in the parameters of the 
proposed model. 

A. Steady State Evaluation in the Control Loop 

Assuming that 
drefI and 

qrefI are equilibrium points of the 
proposed DG in dq reference frame, if the total harmonic 
frequencies of active power and the maximum active power at 
main frequency generated by the DG, reference current in the 
current control loop of DG can be expressed as,  

d dc refi I=                                                                                 (6) 

By this consideration, the maximum active power of DG in 
fundamental frequency and harmonic currents of nonlinear 
loads in d-axis will be injected to the grid. Therefore, if the 
maximum active power of DG in fundamental frequency was 
more than the required active power from the load, the injected 
active power in fundamental and harmonic frequencies from 
the grid to load will be zero.  

On the other hand, in order to generate the total reactive 
power through the proposed DG, Irefq should be considered  
as, 

q qc refi I=                                                                                  (7) 

Equation (7) leads to the improvement of Power Factor (PF) 
between load voltage and grid current, and the voltage quality 
at PCC. Moreover, voltage of load should be balanced and 
sinusoidal in the steady-state, therefore, 

,   0
d qpcc m pccv v v= =                                                            (8) 

According to (7) and (8), the PF between grid current and 
load voltage will be unity. Equations (6), (7) and (8) are 
considered as the steady-state conditions in the proposed 
model.  

By applying these conditions to (5), (9) can be obtained as, 
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(9) 

The average values of instantaneous variations in reference 
current components of DG control loop are defined as, 

,   qd

d q

refref
av av

dIdI
I I

dt dt
= =  

(10) 

Also, in the steady state condition 
1 2

/ 2c c dcv v v= = , 

1 2d s d s dseq eq equ u u= =  and 
1q sequ

2q s qseq equ u= = ; then, (11) can 
be expressed as, 

0

0

0

d d q ds

q q d qs

ds d qs q

c av c ref c ref dc eq m

c av c ref c ref dc eq

eq ref eq ref dc

L I R I L I v u v

L I R I L I v u

u I u I I

ω

ω

+ − + + =

+ + + =

+ + =

 (11) 

Based on (11), the switching state functions of the 
interfacing system for the steady state operating condition can 
be expressed as, 

d d q

ds

m c av c ref c ref
eq

dc

v L I R I L I
u

v

ω− − − +
=

 
q q d

qs

c av c ref c ref
eq

dc

L I R I L I
u

v

ω− − −
=  

(12)

 

(13) 

Equations (12) and (13) can be used for the desired control 
of DG in the steady state condition by the proper selection of 
Irefd and Irefq. Each DG model has a limited capacity for the 
injection of active and reactive power, so considering the 
capacity of DG in the design of the control loop for the 
interfacing system will help to improve the performance of DG 
model in the distribution grid. By substituting (12) and (13) in 
the last part of (11), (14) can be obtained as, 

( ) ( )

22

22

2

II
2 2

I I 4

4

qd

d q

d q

c avc av m
ref ref

c c
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c

LL v
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R R

L v L R v I

R

⎛ ⎞+⎛ ⎞
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+ + +
=

                    (14) 

By multiplying 2
mv to (14), (15) can be expressed as, 

( ) ( )

2 22

222 2

2

II
2 2

I I 4

4

qd

d q

c av mc av m m
DG DG

c c

c av m m c av m c dc dc m

c

L vL v v
P Q

R R
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R
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As shown in Fig. 2, (15) is the equation of a circle with the 
center of C and radius of R. Fig. 2 is known as capability curve 
(CC) of the proposed DG model, and provides a proper division 
of active and reactive power between DG and the grid for 
supplying the load. As can be seen from Fig.2, total reactive 
power of Load1 can be supplied by DG; but, after connection 
of Load2 to the grid, total required power from the loads is 
more than the maximum capacity of DG; then, rest of the active 
and reactive power will be supplied through the utility grid. 
Therefore, DG can enhance the quality of grid currents and PF 
when the load reactive power exists inside the circle. Also, DG 
can inject the total active power of the load and make the grid 
current to zero value when the active power exists inside the 
circle; otherwise, the rest of the active power will be injected 
from the grid side to the load. 

B. Dynamic Evaluation of DLM Technique 
Total saved energy ( ( )1 2 3 4, , ,H x x x x ) of DG should be 

calculated in order to study the stability of DG through the 
DLM and achieving dynamic part of switching functions in the 
interfaced convertor; thus, 

( ) 2 2 2 2
1 2 3 4 1 2 3 4

1 1 1 1, , ,
2 2 2 2c cH x x x x L x L x Cx Cx= + + +  (16)

where, x1 and x2 are differences between the reference currents 
in control loop and injected current by DG (x=iDG-Iref), x3 and x4 
are differences between the voltage of cascaded capacitors 
generated by DG source and reference dc voltages. The 
globally asymptotically stability against the undesirable 
disturbances can be achieved for the proposed model if 
derivative of the total energy of DG in the state variables 
trajectories becomes definitive negative; then, 

( ) 31 2 4
1 2 3 4 1 2 3 4, , , c c

dxdx dx dxd H x x x x L x L x Cx Cx
dt dt dt dt dt

= + + +  (17) 
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Fig. 2.  Capability Curve of the proposed DG model. 

The switching state functions are defined as, 

dqj dqjs dqjeq eq equ u u= + Δ                                                         (18) 

where 
dqjequΔ is the dynamic part of the equivalent switching 

function of the interfaced converter. Eq. (18) gives equivalent 
switching functions of the interfaced converter, which include 
both the dynamic and steady state operating conditions.  
By substituting steady state conditions of dc voltage and 
switching state functions, and (18) in (5), and considering 
xdq=icdq-irefdq, (19) and (20) can be obtained as, 
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1 2

1 1 2 2

1 - - -

- - - - - -

d q d

q d d d d

c c
c c c c c c av

dc

c ref c av c ref m c eq c eq m

v vdxL R i L i L I
dt v

L I L I R I v v u v u v

ω

ω

+⎛ ⎞
= + ⎜ ⎟

⎝ ⎠

× Δ Δ

 

 
(19) 
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1 2
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By substituting (19)-(22) in (17), 
 

( ) ( )

( )

( )

( )

1 1

2 2 1 1

2 2 1

2

2

1 2 3 4

2

, , ,

2

2 2

2 2

2

d d

q q d d d

d d d q q q

q q q

c c ref

dc
c c ref eq c c ref

dc dc
eq c c ref eq c c ref

dc dc
eq c c ref dc dc c

dc
dc dc c

d H x x x x R i I
dt

vR i I u i v I

v vu i v I u i v I

v vu i v I i I v

vi I v

= − − −

⎛ ⎞− − Δ − −⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞Δ − − Δ −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
⎛ ⎞ ⎛ ⎞−Δ − − − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎛ ⎞− − −⎜
⎝

⎟
⎠

 

 
 
 
 
 

(23) 
 



 

18th Power Systems Computation Conference  Wroclaw, Poland – August 18-22, 2014 

 

Eq. (23) should be negative value to reach a globally 
asymptotical stability in DG during the dynamic changes in the 
model. To reach this goal, dynamic parts of the switching state 
functions should be defined as, 

1 11 2d d d

dc
eq c c ref

vu i v Iγ ⎛ ⎞Δ = −⎜ ⎟
⎝ ⎠

                                           (24) 

2 22 2d d d

dc
eq c c ref

vu i v Iγ ⎛ ⎞Δ = −⎜ ⎟
⎝ ⎠

                                        (25) 

1 11 2q q q

dc
eq c c ref

vu i v Iλ ⎛ ⎞Δ = −⎜ ⎟
⎝ ⎠

                                         (26) 

2 22 2q q q

dc
eq c c ref

vu i v Iλ ⎛ ⎞Δ = −⎜ ⎟
⎝ ⎠

                                        (27) 

Furthermore, 
jcv tend to be equal to / 2dcv for making an 

appropriate compatibility between the voltage of dc and ac 
sides during the integrating time; then, the two last terms in 
(23) will be eliminated and consequently the value of general 
equation will be negative.  

As a result, application of DLM strategy can guarantee a 
stable operation for the proposed DG model during dynamic 
and steady state operating conditions.  

The switching functions given in (24) to (27) make a rapid 
reaction for the proposed control technique; therefore, DG 
currents follow their reference values with a fast dynamic 
response in a stable region. The process of switching function 
generation in DLM technique is depicted in Fig. 3. 

C. Reference Current Calculation 
Current reference values should be defined based on the 

objectives of DLM technique for an efficient operation during 
dynamic and steady states operating conditions. Therefore, the 
harmonic current components, maximum active power and all 
the reactive power should be considered in the control loop of 
the proposed model. By this consideration and based on Fig. 2, 
rest of the power for the additional load which will be injected 
from the utility grid as an active power in fundamental 
frequency.  
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Fig. 3.  Block diagram of DLM for the proposed DG model. 

Based on the mentioned assumptions, d-component of 
reference current in the proposed DG link can be achieved by 
doing the sum of maximum capacity of DG interfacing system 
for the injection of active power in main frequency and 
alternative terms of load current components in d-axis as, 

( )* max

2
1

d hn d

d

DG
c d l

nm pcc

P Pi i i LPF
v v

∞

=

= + = + −∑
 

(28) 

The alternative parts of load current components can be 
separated from the dc part by a Low Pass Filter (LPF). The 
considered filter has a cut-off frequency fc = (f=2) (f = 50Hz), 
which promises the extraction of dc part from the nonlinear 
load currents. Moreover, to compensate load reactive power at 
fundamental and harmonic frequencies, DG must inject 

ql
i as, 

*
q q

d

l DG
l c

m pcc

Q Qi i
v v

= − = − =  
(29) 

V. SIMULATION RESULTS 
The proposed model in Fig.1 has been simulated in Matlab/ 

Simulink to demonstrate the performance of the proposed DLM 
in DG technology. The values of model parameters are given in 
the Appendix.  

A 13 kVA NPC VSC has been considered as the heart of 
the interfacing system between DG source and the utility grid. 
It is assumed that the interfaced converter generates the 
maximum power of P=6.5 kW at the main frequency, 
continuously. Unexpected connection of DG to the grid and 
load increment is taken into the account in order to evaluate the 
accurate dynamic response of DLM in the proposed model.  

THD analysis of the grid current and analysis of PF 
between the grid current and load voltage will be evaluated to 
demonstrate the performance of the proposed control technique 
in DG technology. 

A.  DG Connection and Load Increment 
Before connection of DG link to the grid, a three phase 

diode bridge rectifier with resistant load of R = 30 is directly 
connected to the grid and draws the nonlinear currents from the 
grid.  

At t=0.1 sec, DG is connected to the grid and this procedure 
continues until t=0.2 sec, while another similar load with 
resistant of R = 20 is added to the grid.  

Fig. 4 depicts the load, grid, and DG currents before and 
after connection of DG link to the grid, and after additional load 
increment. As can be seen, before integration of DG to the grid, 
load is supplied by the utility grid; but, after connection of DG 
all the current components including the fundamental and 
harmonic frequencies are injected by DG. After connection of 
additional load to the grid at t=0.2 sec, the maximum capacity 
of DG interfaced is less than the total required power of the 
loads; then, the rest of the power (which is active power in 
fundamental frequency) is injected by the grid; therefore, load 
voltage and grid current are in phase during the connection of 
the additional load to the grid. 

Fig. 5 illustrates the active power sharing between the grid, 
load and DG, before and after integration of DG and before and 
after additional load increment.  



 

18th Power Systems Computation Conference  Wroclaw, Poland – August 18-22, 2014 

 

 
Fig. 4.  Load, Grid, and DG currents and load voltage, before and after DG 
interconnection, and before and after additional load increment. 
 

 
Fig. 5.  Active power sharing between the Load, DG and Grid, before and after 
DG interconnection, and before and after additional load increment. 

 
As shown in Fig. 5, after connection of DG link to the grid, 

injected power from the grid is reduced to the zero value and 
load active power in both the fundamental and harmonic 
frequencies are supplied through DG source. After connection 
of additional load to the grid at t = 0:2sec, the maximum active 
power in fundamental frequency and all the harmonic current 
components are injected via the DG link and the rest of the 
active power in fundamental frequency is supplied through the 
main grid. 

Reactive power sharing between the grid, load and DG is 
depicted in Fig. 6.  

 
Fig. 6.  Reactive power sharing between the Load, DG and Grid, before and 
after DG interconnection, and before and after additional load increment. 

As can be seen in Fig. 6, all the reactive power in both the 
fundamental and harmonic frequencies are supplied via the DG 
link after connection of DG source to the grid and before and 
after connection of additional load to the grid; therefore, utility 
grid is free of any reactive power components, and load voltage 
and grid currents are in phase. 

B. THD and PF Evaluation 
One of the main goals of the DLM strategy is to achieve a 

unit PF between grid current and load voltage. To reach this 
goal, total load reactive power should be generated by DG.  
Fig. 7 indicates the grid current and load voltage in phase (a) 
during the connection of additional load to the grid. As can be 
seen, grid current is in phase with load voltage, which confirms 
a unity value for the PF of the grid. Spectrum analysis results of 
the load, DG, and grid currents are shown in Fig. 8. As can be 
seen, THD of load current is 16.7% during the connection of 
additional load to the grid; but, by interconnection of DG to the 
grid, THD of grid current is reduced to 1%. The results confirm 
the capability of the proposed DG model to compensate the 
harmonic current components of nonlinear loads. 
 

 
Fig. 7. Grid current and load voltage in phase (a), during load increment. 
 

 
(a) 

 
(b) 

Fig. 8.  Harmonic spectrum of (a) Load current and (b) Grid current, during 
additional load increment. 
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VI. CONCLUSION 
A robust control technique based on Direct Lyapunov 

Method was presented in this paper for the control of multilevel 
converter topologies and integration of DG resources into the 
power grid. The compensation of instantaneous variations in 
the reference current components in ac- side and dc-voltage 
variations of cascaded capacitors in dc-side of the interfacing 
system was considered properly as the main contribution of this 
control technique. Simulation results illustrated that in all 
conditions the maximum active power in fundamental 
frequency is injected through the DG link to the grid, and the 
load voltage and grid current are in phase by injection of 
reactive power of loads in fundamental and harmonic 
frequencies via the DG link; then, by the improvement of 
power factor at PCC, DG can act as power factor correction 
device. In addition, the proposed DG can provide the required 
harmonic load currents in all conditions; therefore, by reducing 
the THD of grid current, it can act as an active power filter.  
The proposed control method can be used for the integration of 
different types of DG resources particularly based on renewable 
energy resources for the injection of active and reactive power 
components in both fundamental and harmonic frequencies 
simultaneously, which is the main advantage of this control 
method over other control methods in DG technology. 

APPENDIX 
Simulation parameters are as follows: 

1 1 2 2

380 ,  1000 ,  50 ,  0.1 ,  0.45 ,
, 0.01,  , 0.001,  6.5 .

s dc c c

ref

v V v V f Hz R m L mH
P kWλ γ λ γ

= = = = Ω =
= = =
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