
Journal of Power Electronics, Vol. 14, No. 2, pp. 271-281, March 2014                      271 
 

http://dx.doi.org/10.6113/JPE.2014.14.2.271  
ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718 

 

JPE 14-2-8 

Wind Energy Interface to Grid with Load 
Compensation by Diode Clamped Multilevel 

Inverters 
 

Paulson Samuel*, M. Kishore Naik**, Rajesh Gupta†, and Dinesh Chandra* 
 

*†Department of Electrical Eng., Motilal Nehru National Institute of Technology, Allahabad, India 
**Depatment of Industrial Eng., University of Padua, Padua, Italy 

 
Abstract 

 
Fluctuating wind conditions necessitate the use of a variable speed wind turbine (VSWT) with a AC/DC/AC converter scheme 

in order to harvest the maximum power from the wind and to decouple the synchronous generator voltage and frequency from 
the grid voltage and frequency. In this paper, a combination of a three phase diode bridge rectifier (DBR) and a modified 
topology of the diode clamped multilevel inverter (DCMLI) has been considered as an AC/DC/AC converter. A control strategy 
has been proposed for the DCMLI to achieve the objective of grid interface of a wind power system together with local load 
compensation. A novel fixed frequency current control method is proposed for the DCMLI based on the level shifted multi 
carrier PWM for achieving the required control objectives with equal and uniform switching frequency operation for better 
control and thermal management with the modified DCMLI. The condition of the controller gain is derived to ensure the operation 
of the DCMLI at the fixed frequency of the carrier. The converter current injected into the distribution grid is controlled in 
accordance with the wind power availability. In addition, load compensation is performed as an added facility in order to free the 
source currents being fed from the grid of harmonic distortion, unbalance and a low power factor even though the load may be 
unbalanced, non-linear and of a poor power factor. The results are validated using PSCAD/EMTDC simulation studies. 
 
Key words: Diode clamped multilevel inverter (DCMLI), Fixed switching frequency current control, Level shifted multi-carrier 
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I. INTRODUCTION 
The proportion of distributed generation (DG) in modern 

electric power systems is steadily increasing in several 
countries. Wind generation is a renewable source and it is an 
important component of DG which has traditionally been 
used for energy conversion and is more recently being 
harnessed for grid support functions as well [1]. Different 
classes of power converters have been proposed for the 
integration of renewable energy resources into the 
distribution grid [2]. Multilevel inverters have been the 
preferred option for the high power applications in industrial 

drives for many years and more recently in wind power 
generation systems due to the fact that they can transfer high 
power using matured power semiconductor technology with 
reduced voltage stress on semiconductor switches, better 
waveforms and a lower THD.  

The major problems faced by wind generation systems in 
general are variations in available power due to varying wind 
speeds and variations in the frequency and voltage of the 
generator output when synchronous generators are used with 
variable speed wind turbines (VSWT). To address these 
problems, an AC/DC/AC system is used to decouple the 
generator frequency and voltage from the grid frequency and 
voltage. In this system the power output of the synchronous 
generator is first rectified to DC and then a DC-AC power 
converter interfaces with the grid with a constant voltage and 
frequency operation. Thus, there are two converters in use in 
such a scheme; a machine side converter which converts the 
AC to DC and a grid side converter which interfaces with the 
grid at an appropriate frequency and voltage. In addition, it 
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provides all of the needed grid support functions. For high 
power wind generation systems involving either a single high 
power wind generator or a pool of power available from a 
wind farm, the rating of the converter should match the 
maximum power transferred from the wind generation system. 
In this paper a three phase diode bridge rectifier (DBR) is 
used as a machine side converter, which is readily available 
in the range of the required high power ratings. However, the 
major problem lies with a grid side converter that requires 
controllable switches having large voltage and power ratings. 
In this paper a diode clamped multilevel inverter (DCMLI) 
has been considered as the grid side converter. The DCMLI is 
operated as a voltage source inverter (VSI) in the current 
control (CC) mode in order to inject a current according to 
the maximum available power from the wind turbine under 
the prevalent wind conditions. It also provides load 
compensation for local loads at the point of common 
coupling (PCC). The added duty of providing local load 
compensation necessitates a converter rating that is larger 
than the generator. Depending upon the rating of the DCMLI, 
it is capable of partly or fully compensating the load currents 
so that the source (grid) currents drawn are pure sinusoids, 
balanced and in phase with the PCC voltages. 

Although there are three topologies for multi-level 
inverters, the DCMLI has an edge over the others for wind 
turbine applications since it requires only one DC source 
which matches with the fact that a three phase diode bridge 
rectifier connected to a synchronous generator yields only 
one isolated DC source. The DCMLI has a simple 
construction and the modified DCMLI [3] has the added 
advantage of a reduced number of blocking diodes. However, 
the usual problem of voltage balancing between the 
capacitors has to be addressed in order to maintain the stable 
operation of a DCMLI, for which two methods have been 
suggested [4], [5]. These are the external balancing circuits 
and special PWM techniques which have their own 
advantages/disadvantages such as added cost for the former 
and increased control complexity and difficulty of control for 
certain operating conditions for the latter.  

There are several current control methods for inverters. 
The hysteresis control of power converters has been very 
popular since it has good dynamic characteristics and easier 
implementation for two-level inverter [6]. However, this 
method suffers from the problems of variable and unequal 
switching frequencies for different switches in a VSI. This 
leads to the problem of unequal charging/discharging and 
unbalancing of the dc link capacitors, when extended for 
multilevel converter control [7]. To overcome the problem of 
variable and unequal switching frequencies, the 
ramp-comparison modulation scheme of two level inverters 
has great potential for the control of the multilevel inverters 
[8], due to its property of a constant switching frequency 
which is decided by the triangular carrier frequency.  

A control strategy has been proposed in this paper for the 
modified topology DCMLI with a reduced number of diodes 
for achieving the objective of the grid interface of wind 
power systems together with local load compensation. A 
novel fixed frequency current control method is proposed 
based on level shifted multi carrier PWM modulation for 
achieving the required control objectives with equal and 
uniform switching frequency operation. The condition for 
ensuring that constant frequency operation is maintained at 
all times has been derived for the proposed modulation 
method. The inverter power output to the grid is regulated to 
match the available power at the wind turbine, in order to 
evacuate the power available from the wind turbine as per the 
wind conditions. 

 

II. SPEED AND POWER RELATIONS OF A WIND 
TURBINE 

 

The kinetic energy in the air moving at the speed WV is 
given by the following equation: 

31
2 WW AVr=             (1) 

where, ρ is the air density and A is the rotor area swept by the 
turbine blades. The mechanical power delivered by a wind 
turbine is expressed as: 

31
2turbine p WP AC Vr=         (2) 

where, Cp is the power coefficient defined as the ratio of the 
turbine power to the available wind power. The power 
coefficient is a function of the pitch angle β and the tip speed 
ratio λ which is defined as the ratio of the turbine speed at the 
tip of the blade to the wind speed WV , which is given by (3). 

WV
Rwl =   (3) 

where, ω is the turbine angular speed and R is the turbine rotor 
radius. The turbine power coefficient Cp, is a function of the 
tip-speed ratio λ, and for a fixed pitch angle β, peaks at a 
certain value of the rotor speed for a given value of wind speed. 
Hence, the objective of the power controller is to operate the 
turbine at an optimal rotor speed for the prevalent wind speed. 
The mechanical torque of the wind turbine is expressed as: 

turbine
mech

P
T

w
= .      (4) 

The electrical power output from the generator is given by: 

gen turbine gen gearP P h h=   (5) 

Where ηgen  and gearh are the generator and gear efficiencies.  

III. WIND ENERGY INTERFACE TO THE GRID USING 
A VSI IN THE CURRENT CONTROL MODE 
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Fig. 1. Block diagram (shown only for single phase) of the wind 
generation system connected to grid through a modified DCMLI. 

 
A VSI is capable of operating in either voltage or current 

control mode. If one is used in current control mode it can 
also compensate the load currents so that the source currents 
are sinusoidal, balanced and have the specified phase angle 
with respect to the PCC voltage, which improves the power 
factor at the PCC, irrespective of unbalancing, a low power 
factor and harmonic distortion of the load currents [9]. The dc 
link of the VSI is fed from the output of the uncontrolled 
diode bridge rectifier connected to the synchronous generator.  

Fig. 1 shows the proposed wind generation system 
interfaced with the grid through a modified DCMLI [3]. It is 
assumed that the load is reactive, which deteriorates the 
power factor and has harmonic components due to the 
presence of nonlinear loads and/or may be unbalanced. The 
output terminal voltage of the synchronous generator usually 
has a variable magnitude and frequency due to wind speed 
variations. However, in the present case the terminal voltage 
is held constant due to the excitation controller which keeps 
the dc link voltage constant over the normal speed and load 
range. The VSI is required to inject current according to the 
available wind power and provide the required compensation 
at the PCC. 

As the power levels of individual wind turbines increase and 
cross into the multi-megawatt range, the converter technology 
also needs to be improved to handle the increased thermal 
stress. It is becoming increasingly clear that the current practice 
of having low voltage two level converters and then stepping 
up the voltage in order to interface with medium voltage (MV) 
grids will not suffice. MV inverters are fast emerging 
alternatives and have been around in drives applications for 
several years. Instead of using several devices in series and 

parallel to handle the increased voltage and current stress, multi 
level converters offer the advantages of reductions in voltage 
stress, THD and current stress at medium voltage for the same 
power. For medium voltage distribution systems, it is desired 
that multi-level inverters (MLI) be used as grid side converters 
since they offer the promise of interfacing wind energy 
conversion systems (WECS) directly to the grid without the 
bulky and costly transformers which are being placed at the 
tower bases in current designs. As pointed out earlier in this 
paper, because of its advantages over the other topologies for 
wind energy conversion systems (WECS), a DCMLI has been 
used in this paper for grid connection of the wind turbine 
generator. 

The DCMLI injects current in such a way that the harmonics 
and reactive power component of the current are supplied by 
the shunt connected DCMLI thus relieving the grid of the need 
to supply these components. As a result the grid current drawn 
is sinusoidal and balanced and in phase with the PCC voltage. 
In low wind conditions the main ac source, i.e., the grid, 
supplies the bulk of the power required by the load and a 
small part of the load power may be supplied by the wind 
turbine. When the wind power availability is good the 
operating strategy is to inject as much of the wind power as 
possible to the PCC, so that all or a major component of the 
load is supplied by wind power and the import from the grid 
is reduced. Thus, the DCMLI controls the power flow 
according to the wind power availability so as to inject the 
maximum amount of power into the PCC. During times when 
the load is more than the capacity of the wind generator, the 
load can be shared by both the turbine and the main source 
(grid). 

IV. CAPACITOR VOLTAGE BALANCING STRATEGY 
One of the major problems associated with all 

diode-clamped multilevel inverters having more than three 
levels is the unbalancing of the DC link capacitor voltages 
under the steady state. It is difficult to ensure voltage 
balancing of the DC link capacitors under all operating 
conditions including high modulation indices and large power 
factors, which greatly limit the practical applications of the 
DCMLI. The DC link capacitor voltage unbalancing is 
termed as the divergence of the capacitor voltages. This 
results in voltage collapse across some of the capacitors and 
voltage rise across others due to the non uniform power 
drawn from the DC link capacitors. As a result, the output 
voltage waveform quality deteriorates as the number of levels 
is reduced and the voltage ratings of the components are at 
risk of being exceeded resulting in a converter trip and 
operational disruption. Simulation results showing the 
collapse of the five-level output of a five-level DCMLI to 
three levels is shown in Fig. 2.  

This shows how the inner levels of the five-level voltage 
waveform get collapsed and the outer levels increase thus  
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Fig. 2. Output voltage of a DCMLI showing the collapse of the 
voltage levels. 

 
Fig. 3. Divergence of capacitor voltages in DCMLI. 

 
finally resulting in three-levels. This occurs within a few 
cycles in the absence of any control. Fig. 3 shows the 
divergence of the capacitor voltages with respect to time. The 
two existing solutions for the voltage balancing problem for 
the DCMLI are as follows. 

1) Installation of a voltage balancing circuit on the DC 
side of the inverter [10], [11]. 

2) Modifying the converter switching pattern 
according to the control strategy [12], [13], for 
self-balancing of the voltages. 

The later is preferred in terms of cost as the former 
requires additional hardware, which adds to the system cost 
and complexity. For applications involving only reactive 
power exchange, the switching pattern modification strategies 
can be used for the voltage balancing problem [14], [15]. 
However, the voltage self-balancing can influence the 
reactive power control if priority is given only to the 
balancing problem [16]. Moreover, switching pattern 
modifications cannot always be used to control the capacitor 
voltages as it is mainly effective at low modulation indices. 
Furthermore, medium and high voltage power converters 
intended for installation to a utility grid, require more reliable 
and robust operation against line faults and transients. It 
should also be noted that for back-to-back converter 
applications, the switching modification strategy requires the 
two converters to operate at a fixed ac voltage ratio for 
capacitor voltages equalization. Therefore, extra balancing 
circuits [17] have been used for the capacitor voltage 
balancing in this paper.  

Fig. 4 shows the external balancing circuit for balancing 
the capacitor voltages.  

The balancing circuit shown in Fig. 4, works on the 
principle of transferring energy from an overcharged 
capacitor to an undercharged one through an energy storing  

 
Fig. 4. External balancing circuit for capacitor voltages. 

 
Fig. 5.Hysteresis current control for capacitor voltage balancing. 

 
inductor. In this way, the capacitor voltages at the DC link 
are equalized. Though the utilization of these additional 
balancing circuits improves the operation of multilevel 
inverters, the devices in these circuits have to handle high 
currents and voltages which may be even higher than the 
ratings of the devices used in the main converter. 

In Fig. 4, inductor L1 in the upper part of the circuit is used 
to exchange the energy between capacitors Cd1 and Cd2, using 
switches S1, S2 and diodes D1, D2. Similarly, inductor L2 in the 
lower part of the circuit exchanges the energy between 
capacitors Cd3 and Cd4 using switches S3, S4 and diodes D3, D4. 
The charge transfer in the balancing circuit is bidirectional in 
nature through the anti-parallel diodes. Therefore, this circuit 
could be more useful to restore voltage balancing under 
transient conditions. Furthermore, most of the power 
semiconductor switches have built in anti-parallel diodes. 

A control block diagram of the hysteresis band chopper 
current control for the capacitor voltage control is shown in 
Fig. 5. This control scheme has fast dynamics due to the 
chopper current feedback. For controlling Vdc1 and Vdc2, 
current i2 is sensed and filtered to get the average value of 
current i2. The corresponding capacitor voltages (Vdc1 and 
Vdc2) are also measured and filtered to eliminate the ripples. 

The difference of the average capacitor voltages (∆Vdc= 
Vdc1 - Vdc2) is passed through the proportional voltage 
controller gain K, which is then added to the average current  
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(a) 

 
(b) 

Fig. 6. (a)Balancing of capacitor voltages with balancing circuit. 
(b) DC link voltage buildup. 

 
i2 to generate the reference chopper current, ich1 ref. In this 
control scheme, the chopper circuit is employed to track ich1 ref 
in a hysteresis band. This control scheme nullifies the voltage 
drift due to the non-zero average values of i2 and i4 as well as 
the initial voltage imbalance in the capacitors by using the 
proportional gain multiplied average voltage errors. To obtain 
the control signals for S3 and S4 switches in Fig. 4, an 
additional hysteresis controller is required. The controller 
response is simulated in Fig. 6. It can be seen that the 
capacitor voltages are balanced within a few cycles. 
 

V. MODELING AND CONTROL OF A DCMLI USING 
THE PROPOSED FIXED SWITCHING FREQUENCY 

CURRENT CONTROL METHOD 
A.  Proposed Control Scheme for DCMLI 

A n-level DCMLI helps in reducing the device voltage 
stress by a factor of 2/(n-1) times the required net DC link 
voltage. The total number of semiconductor switches required 
per phase is 2(n-1). However, the total number of clamping 
diodes is 2 for a 5 level modified DCMLI compared with the 
12 diodes required per phase for a conventional DCMLI [3]. 

The use of level shifted unipolar PWM results in the 
harmonic spectrum of the output voltage to lie at the carrier 
frequency and the sidebands are shifted from this center in 
multiples of the fundamental frequency [18]. The switching 
harmonics amplitude is also reduced by a factor of 1/(n-1) in 
the output voltage. The ripples are thus reduced to a great 
extent and smooth modulation is possible at a fixed switching 
frequency. For a n-level DCMLI, (n-1) carriers are required 
which are in phase but level shifted by an appropriate value.  

The carrier frequency used in this paper is 5.0 kHz. Hence, 
on average each switch operates at 5.0 kHz/(n-1) = 1.25 kHz 
for n = 5. 

In this paper a fixed switching frequency current control 
method based on the multi-carrier level shifted PWM 
modulation method has been proposed to control the 
modified DCMLI in order to track a desired shunt current to 
be injected into the PCC. Fig. 7 shows the modulation 
method proposed in detail for one phase of the DCMLI. The 
four level shifted carriers are: Carrier 1 with an upper limit of 
+2Ac and a lower limit of +Ac, Carrier 2 with an upper limit 
of +Ac and a lower limit of 0, Carrier 3 with an upper limit of 
0 and a lower limit of -Ac, and Carrier 4 with an upper limit of 
-Ac and a lower limit of -2Ac. The switching logic is 
explained below.  

With reference to Fig. 1 and Fig. 7, the following control 
algorithm is proposed. 

1) Se is compared with a level shifted positive maximum 
triangular carrier 1 with peak: Ac and 2Ac. 
If  +2Ac>Se then Sp1 is ON and Sp2 is OFF 
If  +2Ac<Se then Sp2 is ON and Sp1 is OFF 

2) Se is compared with a level shifted positive minimum 
triangular carrier 2 with peak: 0 and Ac. 
If  + Ac>Se then Sg1 is ON and Sg3 is OFF 
If  + Ac<Se then Sg3 is ON and Sg1 is OFF 

3) Se compared with a level shifted negative minimum 
triangular carrier 3 with peak: 0 and – Ac. 
If  – Ac>Se then Sg2 is ON and Sg4 is OFF 
If  – Ac<Se then Sg4 is ON and Sg2 is OFF 

4) Se compared with a level shifted negative maximum 
triangular carrier 4 with peak: – Ac and –2 Ac. 
If  –2 Ac>Se then Sn1 is ON and Sn2 is OFF 
If  –2 Ac<Se then Sn2 is ON and Sn1 is OFF 

where, Se is the switching function obtained after multiplying 
the current error e with the gain K. For the other phases the 
references are shifted by 120˚ and 240˚. With sine-triangle 
PWM, the semi conductor switches operate at the 
frequency of the triangular carrier and produce 
well-defined harmonics [6]. Multiple crossings of the 
switching function with the triangular carrier may become a 
problem when the time rate of change for the switching 
function becomes greater than that for the slope of the 
carrier.  

B. System Modeling 
A block diagram of the per phase equivalent of a weak 

distribution system with the shunt connected WECS of Fig. 1 
and with the DCMLI using the proposed current control 
mode is shown in Fig. 8. 

The nominal linear load is represented by Rload and Lload. 
The grid is represented by the voltage source vs, and the 
equivalent Thevenin impedance (which includes the source 
and feeder impedances) is represented by Rs and Ls. The 
shunt impedance is represented by Rf  and Lf  and includes  
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& s c1 2x = Ax+ b v + b u

 
Fig. 8. Model of the weak distribution system with shunt 
connected WECS using DCMLI in current control mode. 

 
the impedance of the cable/line connecting the VSI to the 
PCC. The PCC voltage is denoted by vpcc. The DCMLI, 
which works as a VSI, outputs a voltage whose magnitude is 
ucVdc, where  uc = -1,  -1/2, 0, +1/2, +1, for a five level 
DCMLI. The current control loop of the VSI can be modeled 
as discussed below [19]. Choosing a state vector as 

T
lsh iix ][= , the following state space equation can be 

obtained. 
 

cseq ubvbAxxL 21

.
2 ++=        (6) 

where, eq sh s load sh load sL L L L L L L= + +  

ú
û

ù
ê
ë

é
++--

-++-
=

loadsshloadshsshsssh

sloadloadsloadsloadshssh

RLLRLRRLRL
LRLRLRLRLR

A
()(
()(

 

ú
û

ù
ê
ë

é-
=

sh

load

L
L

b1
 , ú

û

ù
ê
ë

é +
=

dcs

dcloads

VL
VLL

b
)(

2
 

In the block diagram of Fig. 8, the non-linear load is 
represented by a disturbance d and it is added to the nominal 
load current. The reference shunt current ishref is derived from 
the net load current ild after subtracting the reference source 

current isref . The calculation of the reference currents isref and 
ishref is discussed in the Section 6. The resultant closed loop 
system is an output feedback switched linear system. The 
switching ripple amplitude can be determined for the 
multi-level carrier shifted modulation by extending the 
method used in [19] and [20]. The proper modulation of a 
multi-level inverter requires a smooth switching function 
se(t). However, the control signal uc contains high frequency 
pulses which result in switching ripples in the shunt current 
ish and the load current il. The reference ishref current is a 
computed quantity. As a result, it is free from ripples. The 
contribution due to a nonlinear load is neglected in this 
analysis as it is assumed to be very small in comparison with 
the total load current. 

It was reported in [18] that the spectrum of the level 
shifted unipolar SPWM output uc of a n-level DCMLI carries 
a fundamental frequency component as well as switching 
components at a frequency of fs and its multiples with the 
sidebands centered around these frequencies, where fs is the 
carrier signal frequency. The PWM output uc consists of two 
components; the fundamental component ucf and the 
switching component uco. Since the fundamental component 
ucf is the desired signal, it is used for the tracking of the 
reference input. The switching component uco is filtered and 
gets propagated through the system controller and combined 
with the switching function Se. Here an approximate analysis 
has been done to determine the ripple present in the 
switching function Se. It is assumed that the switching 
component uco is a square shaped pulse with an amplitude of 
1/(n-1), i.e., equal to (1/4) of that for a 5 level inverter [19]. 
The Fourier series for uco can be written as: 

1,3,5

4 1
( ) ( )

( 1)co s
p
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-
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Using the linear system theory the expression for the 
ripples in the switching function can be obtained as: 

 
Fig. 7. Fixed switching frequency current control method for one phase of the DCMLI. 
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where, [ ]2 1( ) ( ) ( ) ( )t f fG s G s G s G s= - and 

1tan {Im ( ) / Re ( )s t stG jp G jpq w w-= . The transfer 

functions ( ) ( ) ( )susisG cshf /1 = and ( ) ( ) ( )susisG clf /2 =  

are obtained from (6) by substituting 0)( =svs . ( )cG s is 

the transfer function of the controller, k is the feed-forward 
gain and ωs is the carrier frequency in rad/s. The peak of the 
switching ripple occurs at the positive to negative transition 

of the square switching pulses, i.e., at / st p w= . The peak 

value of sr may be obtained from (8) as: 
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The following can be written using the trigonometric 

relationship, [ ]sin( ) Im ( ) / ( )t s t sG jp G jpq w w= , and 

(9) can be reduced as: 

[ ]
1,3,5

4
Im ( )

( 1) p
t sr

k
S G jp

n p
w

p =

¥

= -
-

å  .  (10) 

An analysis of the ripple present in the switching function 
se has been done in [19] and it has been reported that 
multilevel PWM may be modeled by a constant gain and a 
fixed delay. It can be seen that the frequency of the switching 
component is the same as the switching frequency and the 
ripple magnitude is reduced by a factor of 1/(n-1) [18].  

The feed-forward gain k is selected on the basis of the 
maximum ripple condition. It is observed that an increase in 
the gain k results in increases in both the error amplitude and 
the amplitude of the ripple. The gain k should be high for 
improvements in both the steady state and the dynamic 
performance of the system. Fig. 9 shows the intersection of 
the switching function with the  level shifted carriers for a 
five level inverter at a specific value of the gain k. 

Let Vtri be the value of the level of the upper most carrier, 
as shown in Fig. 9, and Ts be the time period of the carrier. 
Then the peak-peak magnitude Ac of any level shifted carrier 
for an n-level inverter will be 2Vtri/(n–1). The time period of 
the ripple is the same as that of the carrier. In order for the 
slope of the carrier to be greater than the slope of the ripple in 
the switching function, the condition that must be met is as 
follows. 
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Substituting (11) in (10), the expression for the 
feed-forward gain k is obtained as: 

 
Fig . 9. Error function with ripple intersecting with one triangular 
carrier in a five level DCMLI. 

-

-

-

Diode clamped 

Multilevel Inverter

Fig. 10. Shunt compensator used in three-phase four-wire 
distribution system. 
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It can be seen that as the gain is increased beyond the 
value obtained in (12), the magnitudes of the error function 
and the ripple also increase and this leads to multiple 
crossings on each slope of the carrier crossings. As a result, 
multiple switching takes place, which violates the principle 
of the fixed frequency switching control method. 

 

VI. CURRENT GENERATION ALGORITHM FOR 
THREE-PHASE SYSTEMS 

Fig. 10 shows a three-phase four-wire shunt compensated 
distribution system. The three-phase load shown in the figure 
is supplied from the voltage source vsk  through a feeder with 
an impedance of (Rsk, Lsk), where k = a,b,c, denote the 
three-phases. The diode clamped multilevel inverter block 
shown in the figure represents the VSC configuration. The 
shunt path contains the interfacing inductance Lshk and 
resistance Rshk . The voltage at the grid terminal is denoted by 
vtk. The currents flowing through the different branches are 
the source current isk, the load current ilk and the current 
injected by shunt branch ishk. For the three-phase, four-wire  
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configuration, the load neutral and the compensator neutral 
are connected to the source neutral ns. The common dc link 
voltage is represented by Vdc. 

The data considered for the distribution system and the 
shunt compensator are given in Table. 1. The load connected 
to the distribution system is considered to be composed of 
both linear and nonlinear loads. The linear load is represented 
by the linear elements Llk and Rlk. The nonlinear load consists 
of the bridge rectifier with the dc side resistance and 
capacitance represented by (Rldc, Cldc).. This nonlinear load is 
interfaced with the grid through an input impedance 
represented by (Llac, Rlac). 

With reference to Fig. 10, the current control of each phase 
current requires the generation of separate reference shunt 
currents ishref for each phase. The reference current generation 
follows the method described in [9], [21]. Taking into 
account the available wind power through the generator pgen, 
the expression of the injected reference shunt current is 
derived [22]. For independent control of the shunt currents in 
all the three phases in Fig 10, the references are determined 
using the following equations: 
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(13)    

where: 

2 2 2 2

03ta tb tcv v v vD = + + - ; 03
ta tb tcv v v

v
+ +

=   

shkrefi and skrefi (k=a, b, c), respectively, are the reference 

shunt currents and the reference source currents for the three 
phases. Plav is the average load power (linear plus non-linear) 
that is obtained by a moving average filter using continuous 
measurements of the instantaneous power. The averaging 
window can be considered to be the immediate previous half 
cycle [9], [21]. The PCC terminals voltages used (13) are the 
fundamental frequency components of the switching 
frequency contaminated terminal voltage extracted online 
from the measurements of the actual voltages. Therefore, 
source reference currents iskref in (13) are free from switching 
ripples. 

 

VII. SIMULATION RESULTS 
Simulations have been performed in PSCAD (ver 4.2.1) 

software. Both conrol loops, i.e., the capacitor voltage control 
loop and the shunt current control loop have been 
implemented in separate modules developed using 
FORTRAN codes in PSCAD. The data considered in the 

simulations is given in Table I. A sampling time step of    
10 µs is considered for the simulation studies. The moving 
average filtering of a half-cycle has been considered for the 
extraction of the average load power Plav in (13). A total of 
1000 samples are taken in the averaging window from the 
immediate previous half cycle.  

A frequency of fc= 5 kHz is chosen for the carriers used in 
the modulation process proposed in Section 3. The uppermost 
amplitude Vtri = 0.05 kV is considered in the simulation. The 
gain k = 0.945 kV/A is calculated using (12) for fixed 
switching conditions and the results are obtained at k = 0.9 
kV/A, to ensure fixed switching frequency operation. 

Varying load conditions are considered in the simulation. 
Initially, a combination of nonlinear and unbalanced linear 
loads is connected as given in Table 1. The linear load is 
increased at time t = 0.2 sec with the insertion of a balanced 
linear load with the values given in Table 1. The wind speed 
changes from 8 m/sec to 12 m/sec at t = 0.24 sec. Fig. 11 
shows the five level three-phase inverter output voltages. The 
tracking of the shunt current to its reference is shown in Fig. 12. 
The three phase compensated source currents, the load currents 
and the injected shunt currents are shown in Fig. 13. It can be 
seen from Fig. 13 that the source current becomes balanced and 
sinusoidal. The unbalanced and harmonic component of the 
load current is supplied from the DCMLI converter supported  

TABLE I  

SYSTEM PARAMETERS FOR 6.6 KV, 1500 KVA DISTRIBUTION 
SYSTEM WITH WIND GENERATION SYSTEM 

Paramete rs  Numerical  value  

Base voltage, base power 6.6 kV rms (L-L), 1.5 MVA 

Frequency fo 50 Hz. 

Wind turbine rotor radius 40 m 

Generator rating, phase 
voltage 

1.5 MVA, 7.0 kV 

Feeder impedance Rsk, Lsk,  
where (k = a,b,c) 
 
 

0.16 Ω, 4.6 mH 
(0.16 + j1.44) Ω 
0.1656 p.u. 

Shunt impedance  RTk , LTk,  0.2 Ω, 5.5 mH 
(0.2 + j1.73) Ω 

DC link voltage Vdc 
DC link capacitor Cdc 

22.0 kV 
11000 µF 

Load: Linear Unbalanced phase-a (68.0+j 34.55) Ω, 
phase-b (64.0+j 31.41) Ω 
phase-c (60.0+j 28.27) Ω 
 

Balanced (40.0+j 13.19) Ω, 
Load: Non 
Linear 

 Rldc= 100.0 Ω ,Cldc= 1000 μF 
Rlac= 0.1 Ω , Llac= 2.7 mH 
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Fig.11. Five level inverter output voltages for three phase 
system. 

 
Fig. 12. Shunt current tracking performance of three-phases. 

 
 

by the wind generator system. In addition, the source current 
become in-phase with the grid terminal voltage, as shown in 
Fig. 14, for phase-a. 

It is seen from Fig 6 (a) and Fig. 6 (b) that the voltage 
across the capacitor gets balanced using the capacitor 
balancing algorithm as per the desirable expectations. The 
operation of the DCMLI at a fixed switching frequency at the 
calculated gain k = 0.9 kV/A is shown in Fig. 15. The carriers 
and error functions shows clear intersections leading to the 
operation of all of the switches at 5.0 kHz. However, if the 
gain is increased from the calculated one k = 0.945 kV/A, 
then it violates condition (12) and leads to multiple crossings. 
This is shown in Fig. 16 when the simulation is performed at 
k = 1.1 kV/A and the switches operate at a frequency higher 
than 5.0 kHz, due the multiple crossings of the switching 
function with the carriers. 

The real power distribution of the load, based on (13), 
among the grid supply and shunt inverter is shown in Fig. 17. 
It can be seen that the net load real power is supplied from 
the wind turbine power and the balance is supplied from the  

 
Fig. 13. Source, load and shunt currents for three phase system. 
 

 
Fig. 14. In-phase source current with the grid terminal voltage 
for phase-a. 
 

 
Fig. 15. Fixed switching frequency operation at 5.0 kHz at the 
gain k = 0.9 kV/A. 

 
grid. At time t = 0.24 sec, when the wind turbine power 
increases due to increase in wind speed from 8 m/sec to 12 
m/sec, the contribution of real power from the grid 
significantly decreases since the major part of the load is 
supplied from the shunt inverter. It should be noted that part 
of the turbine power is also consumed in meeting the inverter 
circuit losses. 
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Fig. 16. Multiple crossings and higher switching frequency 
operation at the gain k = 1.1 kV/A. 

 
Fig. 17. Distribution of load real power between grid and shunt 
inverter for addition of balanced load at t = 0.2 sec. and step 
change in the wind turbine power due to wind speed change from 
8 m/sec. to 12 m/sec. at t = 0.24 sec. 

 

VIII.  CONCLUSIONS 
A diode clamped multilevel inverter is well suited for the 

current control of a DCMLI used as the grid interface of a 
higher power rated wind energy conversion system, since it 
has only a single dc source. The proposed fixed switching 
frequency control leads to an equal and uniform distribution of 
the switching stress among the various switches. It is shown 
that following the proposed gain calculation method ensures 
the operation of the DCMLI at the fixed frequency of the 
carrier. With the multicarrier level shifted current control, the 
net switching frequency increases and the ripple magnitude is 
reduced leading to a higher feed forward gain and hence better 
control characteristics. It is shown through simulation results 
that the available wind power can be controlled to feed the load 
real power with the balance real power being supplied from the 
grid. In addition to real power injection, the objective of load 
compensation is also achieved leading to a balanced, distortion 
free, unity power factor source current. The voltages across the 
capacitors of the DCMLI remain balanced under all conditions 
with the proposed control method. 
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