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This paper presents the Direct Power Control (DPC) strategy for Multilevel Multistring
Inverter fed Photovoltaic (PV) system to control the instantaneous active and reactive
power. The proposed system consists of PV strings, boost converter and three phase three
level cascaded H-bridge (CHB) inverter. In multistring topology, each PV string is
connected to the dc/dc converter and the distributed MPPT control algorithm is connected
to the central inverter. The Space Vector Modulation (SVM) based DPC approach is used
to obtain the constant switching frequency and reduced power ripple. The detailed model
of the proposed system is developed in Matlab to evaluate the performance. A laboratory
based prototype of the proposed system is developed to realize the system in real time.
dSPACE DS1103 is used as the control interface to perform the real time implementation
(RTI). Power Quality Analyser (PQ-Box 200) is used to analyse the system parameters
like voltage, current and Total Harmonic Distortion (THD) of inverter. The effectiveness
of the proposed system has been validated with the help of simulation and the experimental
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1. INTRODUCTION

In recent years, there is a great attention in the development
of renewable energy sources due to the depletion of fossil fuels
and burning of those fuels causes the environment pollution.
Renewable energy sources are pollution free energies and they
contribute to reduce the greenhouse effects. Solar, Wind, Tidal,
biomass are the different types of renewable energy sources
are utilized to generate electricity. Out of these four sources,
solar energy is one of the most prominent alternative sources
of energy because of surplus amount of energy from the sun
and also the financial support provided by the government and
in recent times solar panel costs are drastically decreased,
which will lead to the reduction in the amount of per unit
electricity generated. Based on the Global Status report of
Renewable 2015, Global Installed Capacity of Solar PV is 3.7
GW in 2004 and it is increased up to 177 GW in 2014.

Due to the increase in the capacity of PV, the dependence
of grid power is reduced and therefore the solar energy is
evolved has an alternative to conventional energy. PV systems
are mostly rated for domestic, industrial and commercial
application from few kilowatts to several megawatts in roof
top mounted or building-incorporated systems. Nowadays,
most of PV systems are integrated with grid because for stand-
alone systems, batteries are required to store the energy which
will increase the cost of the entire system. The government has
announced the subsidies those who are generating the power
on their own and also injected the generated power into the
grid, therefore people shift their focus towards the PV system.
[1].

Conventionally most of the applications use three phase
rectifiers to interface the renewable energy sources into the
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grid. It is very simple structure but it has the drawback of
unidirectional power flow, power factor is low and the high
distortion of input current. Then the two-level voltage source
inverter (VSI) is used for converting the direct current (DC) to
alternative current (AC) in order to deliver the power into the
grid. However, this topology has very high switching stress
because this circuit has only six switches therefore when very
high dc voltage is applied to the inverter the switch has to
withstand the voltage so the stress has been very high. To
avoid this problem Multilevel inverters (MLI) are introduced
in grid connected systems. Neutral Point Clamped MLI (NPC-
MLI), Flying Capacitor MLI (FC-MLI) and Cascaded H-
Bridge MLI (CHB-MLI) are the three different types of MLI.
However, CHB-MLI has been widely used in the application
of renewable energy systems because of the separate DC
source for each bridge and it is also easy to interface with the
hybrid systems [2].

There are four different types of PV configurations which
are centralized topology, string topology, ac module topology
and multistring topology. In most of the large power plant,
centralized topology is installed where the large numbers of
panels are connected in series or parallel in one string with
central inverter. The major advantages of this topology are the
simple structure and less maintenance. This topology has
highly suffered due to the partial shading and also fails to
determine the peak point because of the centralized MPPT
algorithm [3, 4].

In String topology, the panels are divided into separate
sections, where each string is connected to DC/DC converter
and DC/AC inverter where the distributed MPPT scheme is
applied to improve the power produced the strings. The
advantages of these topologies are the higher power
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production and distributed MPPT scheme. This topology has
applicable to small scale systems because of the complex
structure and also cost of the topology is very high.

AC-Module topology has one dedicated converter for each
module and this topology is widely used in domestic and
small-scale applications. The drawback of the topology is high
cost and complex structure.

Therefore, by combining the merits of centralized topology
and string topology the new topology is evolved and it is called
as multistring topology. In multistring topology, each PV
string is connected to the dc/dc converter and the distributed
MPPT control algorithm is connected to the central inverter.
This topology has been mostly used in medium voltage high
power applications because of the modularity structure and it
is easy to increase rating of the system by connecting the
additional string to the topology.

Because of the penetration of non-conventional energy
sources into the grid advanced control techniques are essential
to ensure the power quality. There are two advanced control
techniques which are mostly used in grid connected systems
which are Voltage Oriented Control (VOC) and Direct Power
Control (DPC). Both of these methods provide very good
dynamic response with low harmonic distortion [5, 6].
However, VOC is called as indirect power control because it
consists of modulator to generate the switching pulse. The
presence of modulator will distort the voltage and current
when it is delivered into the grid. To avoid this problem bulky
filter inductance and capacitance are connected on the load
side to eliminate the non-linearity in the system. On the other
hand, DPC is called as the direct control because the switching
pulses are generated with the estimated power and voltage
instead of modulator. DPC has become more popular because
of robustness and provides an excellent transient response in
terms of dynamic operating conditions [7-12].

The most frequently used DPC strategy is Look-up table
DPC (LUT-DPC) which consists of non-linear hysteresis
controller. Based on the estimation of grid voltage, generated
power and the grid voltage position sector the LUT is
generated for different sectors. LUT contains the information
when the switch has to turn on/off based on the location of the
voltage vector. This method is very simple to implement and
there is no coordinated transformation in DPC and the inner
current control arrangement is also eliminated. But, drawback
in this control technique is the presence of very high ripple and
variable switching frequency [13-16]. Virtual Flux DPC (VF-
DPC) is used to eliminate problem of variable switching
frequency by estimating the virtual flux, power and voltage.
Instead of grid voltage position sector virtual flux is estimated
by using the transformation equations [17-19]. This control
strategy offers excellent steady state response and fast control.
However, it is very difficult to realize the system in real time
because very high processors are required to calculate the
sample time [20].

Space Vector Modulation (SVM-DPC) technique used to
eliminate the power ripples and variable switching frequency
with the addition of Proportional Integral (PI) controllers is
used to generate the voltage reference. This control strategy
uses certain complex equations to generate the switching pulse
[21-24]. The concept of Predictive control is also introduced
in DPC such as Model Predictive control (MPC). MPC is used
to generate the control pulse by predicting the behavior of
switching instants by using the cost function analysis. MPC
offers very high control compared to conventional techniques
but if the prediction is wrong the behavior of the entire system
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is changed. Therefore, this strategy offers best control only
when the prediction is correct [25-29].

Even though the concept of DPC was proposed almost two
decades ago still the issues have not been solved yet [30, 31].
The problems related to tuning and the strategies used for
implementation and the certain evaluation of experimental
results has not been analyzed [32-34]. The research in the area
of multilevel inverters where the DPC strategy is implemented
is very less when compared to two level VSI.

The main contribution of this paper is to interface PV string
with the grid through the boost converter and multilevel
inverter. Maximum Power Point Tracking (MPPT) algorithm
is implemented to generate duty cycle for the converter. DPC
strategy is applied to the multilevel inverter to analyse the
performance of the system. In this paper the three phase CHB-
MLI inverter is used to interface the PV system with the grid.
The simulation studies are performed for the proposed system
to analyse the performance of the proposed system for static
and dynamic conditions by using DPC. A laboratory based
prototype of the entire system is developed to realize the
system in real time. This paper has organized in the subsequent
sections. Section II presents description of the proposed
system and the DPC-SVM strategy has been discussed in
Section III. The simulation results of the system have been
presented in Section IV and in Section V the experimental
validations have been discussion. Finally, the conclusion has
been discussed in Section VI.

2. SYSTEM DESCRIPTION

The Multilevel Multistring inverter fed PV system is
displayed in Figure 1 which consists of three phase three level
CHB inverter has one H-bridge which consists of four
switches along with DC source in each phase. Therefore, in
each phase, one PV string along with the boost converter is
connected to the H-bridge. Each PV string has 6 panels where
2 panels are connected in series likewise 3 sets of panels are
connected in parallel with the capacity of 1500W.
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Figure 1. Schematic diagram of the proposed system

The Capacitor Cpv is connected across each string to reduce
the ripples produced by panels. The DC/DC boost converter
remains connected to each string to raise the voltage level
generated by the panel in order to connect to the grid. To
operate the PV string at the maximum level several distributed
Maximum Power Point Tracking (MPPT) techniques are used



to determine the maximum operative point during various
climatic conditions. Since this work is based on DPC control
not much focus is given to the MPPT. Therefore,
conventionally used Perturb and Observe (P&O) method is
used to determine peak point and produce the duty cycle for
the boost converter by matching the load impedance along
with source impedance. The inverter is coupled to the grid
through the isolation transformer with filter inductance Lf and
filter Capacitance Cf to eliminate the ripples in the system. The
Lg and Rg represents the impedance of the grid.

3. DPC CONTROL SCHEME

Estimstion of Voltage and
Power

Figure 2. DPC control scheme

Direct Power Control for multilevel inverter is used to
estimate the voltage by using the currents measured and the
system parameters instead of measuring the voltage through
the sensors to eliminate the complexities in the system. The
constant switching frequency has been accomplished by
integrating the linear voltage vector along with the average
voltage vector. The control scheme of DPC-SVM is presented
in Figure 2. To generate the active power reference Pref
summation of all three DC link voltage is taken as measured
voltage which is subtracted from the DC reference voltage and
error is generated. PI controller is used to minimize error and
it is multiplied with the DC link voltage. The reactive power
reference Qref is reserved as zero to preserve unity power
factor. The space vector diagram of three phase inverter is
shown in Figure 3 which consists of six sectors where the
duration of each sector is around 60°. There are 27 voltage
vectors is generated for the inverter. Out of these 27 vectors,
19 vectors are active switching states and the remaining 9
vectors are redundant switching states. The space vector
consists of three layers which are external layer, central layer
and the internal layer. The external layer of the vector is
formed by one switching state, the central layer and the
internal layer are formed by two switching states. At the origin
three switching vectors are present which are called null
vectors. To calculate the instantaneous active and reactive
power can be designed by

p(s) =u, *i, +Uu, *i, +U, *i,

(1

1

Q(S) :ﬁ[(ua _ub)*ic +(ub _uc)*ia +(uc _ua)*ib] (2)
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where, ua, U, U are the voltage generated by the grid, ia, iv, ic
are the current generated by the inverter and p(s) and q(s) are
estimated active and reactive power.

The instantanecous active and reactive power can also be
designed in stationary reference frame in terms of uq, ug, i, ip
by using three phase to two phase transformations is given as

follows,
p(s) U, Ug ||,
q(s) =Ugu, ||,

The space vector is divided into six sectors which are
calculated as follows,

3)

VA /4
(n-5)=<n<(n-1)= (4)
3 3
where,n=1, 2... 6.
u
0= tan’l [—/}J (5)
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Figure 3. Vector representation of three level CHB inverter

The grid voltage position vector (0) is calculated for the
voltage generated by two phase transformations and then the
pulses are generated by using SVM modulator.

4. SIMULATION RESULTS

Matlab Simulation software tool is used to simulate the
proposed system to determine the performance of the system.

The parameters used for simulation are listed in Table 1.
The switching frequency of proposed system is set at 20 kHz
and the sampling time is 50us and to preserve unity power
factor the reactive power reference is to be set at zero. The
specifications of the EMM VEE 250W PV panel are listed in
Table 2.

Figure 4 displays the waveforms of voltage, current, power
and the DC link voltage of all three PV strings as the result of
simulation. At t = 0.05s the MPPT algorithm tracks the peak
point therefore the voltage, current and power reaches the



maximum level but due to the changes in irradiation and
temperature the peak point is changed and the power generated
by PV panels is less compared to the previous power and the
process is repeated till the maximum power is reached. The dc
link voltage is pulsating because of the charging and
discharging of the inductor and capacitor in the boost

converter.

Figure 5 illustrates the waveforms of Inverter voltage &
current, Grid voltage & current, Active and Reactive power for
all three phase as the result of simulation for static conditions.
Here all the quantities are mentioned in p.u instead of actual
value. By using DPC-SVM technique the constant switching
frequency is obtained and also the rate of reactive power is
below zero therefore the instantaneous control is achieved and

also the power ripples are very less.

Figure 6 shows the waveforms of Inverter voltage & current,
Grid voltage & current, Active and Reactive power for all the
three phase as the result of simulation for dynamic conditions.
To test the system stability under dynamic conditions the step
reference is given at t=0.2 the power is amplified from 0.5 p.u
to 1.0 p.u and then reduced to 0.5 p.u at t=0.4.

During these intervals load current follows reference power
and track the changes and response time of the system is also
very less and the reactive power falls below zero to ensure the
instantaneous control and also shows the ability to operate
under dynamic conditions by maintaining the voltage

regulation.

Figure 7 & Figure 8 show harmonic spectrum of grid
voltage and grid current respectively. The Total Harmonic
Distortion (THD) of voltage and current are 2.78% and 2.80%
which are well under 5% and lower order harmonics are also
very less as per the [IEEE 519-2014 standard.

Table 1. System parameters

Parameters Value
PV Panel 250 W
Number of panels connected in 2
series
Number of panels connected in 3
parallel
Boost Inductor 28uH
Boost Capacitor 1100uF
Capacitor 2200uF
Filter Inductance 3.56mH
Filter Capacitance 50uF
Line Inductance 40uH
Line Resistor 0.5Q
Grid Voltage 415V
Switching Frequency 20kHz
Grid Frequency 50Hz

Table 2. PV Panel parameters

Parameters Value
Rated Power 250 W
Open Circuit Voltage (Voc) 37.62V
Short Circuit Current (Isc) 8.76 V
Maximum Power Voltage 29.76 V
(Vmp)
Maximum Power Current 8.40 A
(Imp)
Temperature Coefficient of - 0.34%/K
Voc
Temperature Coefticient of Isc +0.05%/K
Temperature Coefficient Rated -0.4%/K

Power
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Inverter Line-Line Yoltage
2 T T T T T T T T T
; . :

H i i I L H i i
0 00s 01 0.15 0.2 0.25 0.3 035 04 0.45 05
Inverter Current

2
1] 0.05 01 0.15 02 0.25 03 035 0.4 0.45 05

Grid Voltage
@ 2 T T T— T
LE op NGNS R
272

i 1 i i L i L L i
0 005 01 0.15 02 025 03 035 04 0.45 05

i i i i
o 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05
Reactive Power

0 00s 01 0.15 0.2 025 03 0.35 0.4 0.45 05
Time(s)

Figure 5. Simulation waveforms of Inverter Line-Line
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Figure 8. Simulated grid current and their spectrum

5. EXPERIMENTAL RESULTS

A lab scale prototype of 4.5kW multistring multilevel
inverter was developed in the laboratory in order to validate
the system. The experimental parameters are as same as used
for simulation except load, because for testing purpose the
load bank which are available in the laboratory are used. The
experimental setup of the proposed system is displayed in
Figure 9 which consists of PV source, dSSPACE DS1103, gate
driver board, Boost converter, multilevel inverter, Resistive
inductive load bank, Digital Signal Oscilloscope (DSO) and
power quality analyzer (PQ-Box 200).

The PV panels are arranged in the form of string, which are
installed in the rooftop is shown in Figure 10. The 10 sq.mm
DC cables are used to carry the source from rooftop to
laboratory, from where it is delivered to the converters through
the Miniature Circuit Breaker (MCB).
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dSPACE DS1103 is used as the control interface to realize
the real time implementation of the system. The gate pulses for
the switches have been given through the gate drive board
which consists of optoisolator to isolate the switches and the
control signals. Semikron SKM100GB12T4 power modules
are used as the switches for the boost converter and the H-
bridge inverters. PQ-Box 200 is used to measure and record
voltage, current and power. In addition to that, it also able to
perform the fault recorder function, Load calculation analysis,
ripple control analysis and transient analysis as per the
EN50160 and IEC61000-2-2 standards for the low voltage and
medium voltage networks.

The voltage and current generated by PV stringl is shown
in Figure 11. The voltage generated by the string is around 67
V is nearly equal to the maximum voltage as per the
specification listed in Table. But there is a huge difference in
the generated current value because of two reasons. One
reason is due to the losses in DC cables where it is flown from
roof top to the laboratory around 180m and the other reason is
due to the amount of load applied.

For testing purpose load banks available in the laboratory
are utilized therefore the value of the generated current is
reduced to 7.8 A therefore the power generated from the PV
string is also reduced from 1500 W to 550 W.

Figure 12 shows DC link voltage of Phase A where voltage
is distorted due to the changes in the atmospheric conditions
in real time and the generated voltage is around 140 V. P&O
MPPT algorithm is used to track the operating point where the
voltage is sensed through LV 25-P differential transducer and
the current is sensed through LA 55-P current transducer.

PV source 7 |
Boost Converter PC 2
- — /
‘ o .

dSPACE
DS1103

Gate

Figure 10. Solar panels installed in rooftop
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Figure 13. Experimental Line-Line Voltage (50 V/div) and
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The sensed signals are given to the ADC channels in
dSPACE where the control algorithm is built and the duty
signal is generated through the Master bit I/O channels. Then
the signals are delivered to the corresponding switches through
the gate driver board.

The voltage and the current generated by the inverter for all
the three phases are shown in Figure 13 and it is recorded using
PQ-Box 200. The generated Line-Line voltage is around 205
V and the current is around 5.8 A, but all the values are
expressed in p.u.

The waveforms clearly the synchronization between the
three phase and also has phase lag in current waveform due to
RL Load. The current waveform is slightly distorted but it
follows the pattern of sinusoidal waveform.

The harmonic plot for the current is shown in Figure 14. The
harmonic plot is plotted for 2 — 9 kHz upto the harmonic order
of fifty. The plot is shown as per the EN50160 and IEC61000-
2-2 standard which is the inbuilt standard in PQ-Box 200.

The Active and reactive power plot is shown in Figure 15.
By using the SVM-DPC technique the instantaneous control
of power is obtained. The Active power P is maintained at 0.8
p.u and the reactive power Q has been maintained at -0.5 p.u
to ensure the instantaneous control. The waveform shows no
ripple but actually the ripples are present in the active and
reactive power. It is not presented here because the plots are
shown using timing diagram.

6. CONCLUSIONS

In this paper, the instantaneous control of active and
reactive power using DPC strategy for Multilevel Multistring
Inverter fed PV system has been presented. The DC link
voltages have been controlled independently by using
distributed MPPT algorithm which increases the power
delivered by the PV system. The SVM based DPC approach
has been implemented in the system in stationary reference
frame to ensure the constant switching frequency has been
maintained and the reduced power ripple has been achieved.
The simulation has been done for steady state conditions and
for dynamic conditions a step response is introduced in power
to test the proposed approach ability to perform in various
conditions. The prototype of the proposed system has been
developed in the laboratory and verified with the control
scheme to maximize the power produced by PV system and
results are expressed in terms of p.u. Thus, with the help of
experimental prototype results and simulation results the
system has been validated as the proof of concept.
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