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ABSTRACT

Since the introduction of power electronics in 1960s, the number of nonlinear loads has
increased significantly. The use of the power electronic devices leads to reactive power problems
and injection of harmonics in supply system causing power quality issues. It is becoming really
difficult to maintain the quality of power at the customer end. Poor power quality leads to
misoperation of the power system devices like relays, operation failure of the electronic devices
and so many other problems. Hence, to achieve better performance, highly efficient and

compact, power electronic technologies are used now a days.

In this dissertation work, to overcome power quality related problems in a system, shunt active
filter performance evaluation with the use of MATLAB/ Simulink is carried out. To control the
shunt filter reactive power theory is presented. The control circuits are implemented with the
help of DS1104. The simulation of three legged , capacitor mid-point and three level diode
clamped Multilevel Inverter topology has been done in MATLAB/Simulink. A working

Hardware Prototype is developed and results are verified as per simulation.
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Chapter 1 : Introduction

This chapter is a brief introduction about the underlying principle, methodology adopted in
completion and structural outline of the complete dissertation work.

1.1 Overview

The major reason for the development of ac transmission and distribution networks was
based on the generation of sinusoidal voltage with constant frequency. The designing of the
transmission line and transformer became easy by the use of fixed frequency sinusoidal voltage.
Earlier the load used to draw current sinusoidal in nature and only reactive power compensation
was necessary, that was done using capacitors. In the electrical distribution which is used to
distribute electricity for commercial and industrial purposes, there are many single phase load
connected which are of lagging in nature and very few are leading in nature. The lagging load
draws reactive power from the source and because there is no leading power factor load, the
reactive power is not injected in the system. For very efficient, robust and quick power solution
people often use Power electronics devices in home, as well as in Industries. These power
electronics devices are nonlinear in nature. They not only draw reactive power from the source
but also inject harmonics currents in the system distorting current and many times even voltage
waveforms. Now a days due to rapid advancement in technology in power electronics as well as
in microelectronics devices the nature of electrical load has changed significantly. There are so
many loads like fluorescent lamps, UPS, air- conditioning, microwave, personal computers,
induction heaters; induction cooking as well as various other end user electronic devices are
examples of the newly introduced load in the system. A nonlinear device is the device in which
current doesn’t vary with voltage linearly. Thus the use of these kinds of devices introduces
harmonics or the distortions in current waveform from ideal sinusoidal shape. These distortions
can be caused by the rapid switching of the devices. These non-sinusoidal waveforms consist of

spectrum of frequencies which are multiples of the fundamental.
Some typical source which might inject distortion in current waveform is mentioned below.

e Lightening and natural phenomenon

e Failure of transformer and cables or other equipment
1



e Distribution substation and plants failure.

e Energization of large transformers and capacitor.
e Presence of Reactive, nonlinear and unbalanced loads.

All of the above mentioned sources can contribute to the harmonics in the distribution system. The
presence of reactive, nonlinear and unbalanced loads is the major contributor of the harmonics to the

system.

1.2 Power Quality

Power quality determines the fitness of electrical power to consumer devices. A utility
defines power quality as reliability. A manufacturer of load equipment defines power quality as
those characteristics of the power supply that enable the equipment to work properly. Any power
problem manifested in voltage, current, or frequency deviations that results in failure or

disoperation of customer equipment is known as Power Quality Issue. [1]

Power quality takes woltage as well as current into consideration. The deviation of
waveforms from their ideal shape determines power quality. The ideal waveform is the
sinusoidal wave of constant frequency and amplitude. Any change in waveform shape, frequency
or imbalance affects Quality of the power. To maintain the power quality is the responsibility of

power provider as well as consumers.

1.2.1 Source of Disturbance

Presence of Nonlinear load all over the distribution network is the major reason of
Harmonic injecting into the power system.

Figure 1.1 Current drawn by three phase rectified load

2



The nonlinear load draws non sinusoidal current and induces distortion in current and sometimes
even voltage.

1.3 Literature review

H.Sasaki and T.Machida in 1971 originally presented the concept of Active Power filter.
L.Gyugyi and E. C. Strycula introduced the concept of family of Active filters based on PWM
inverters in 1976, but the actual implementation of the filter was not possible at that time because
the proposed filter consists of PWM inverters using power transistors which could not be
realized in real power system because of unavailability of high power high speed switching
devices at that time.

But this research work laid the foundation of further research work on filters in future and
after advance development in the areas of fast operating semiconductor switches in ,90s, the
filters can be put to real applications in power system.

Instantaneous reactive power theory was introduced in 1984, by H. Akagi et al. [2]
which take into account three phase voltages and current and their distortion content.

Later F. Z. Peng and J. S. Lai [4] introduced a general model of Instantaneous reactive
power theory which was valid for both sinusoidal and non-sinusoidal, balanced or unbalanced
three power system. This made possible for filter to work not only in steady state but also in
transient states.

These problems came into picture
e A PWM inverter with high power rating, with rapid current response and high efficiency
was difficult to be used as Active filters.

e The initial setup cost of AFs was high as compared to passive filter and later was more
efficient compared to former.

e The current injected by active filter could disturb and flow thorough the shunt active filter
and capacitor connected to system.

Due to these shortcomings, the solution was searched in form of hybrid active filters. In [5] a
novel control techniqgue was given which has the simultaneous use of active filter absorbing the

low order harmonic current and shunt passive filter absorbing high order harmonic current



respectively. In this control scheme AF brings economical system owing to its relatively small
capacity, it was also used as a damping device to the resonance between the passive filter
capacitance and power systems Inductance, the controller was designed to prevent this thus

making the filter ideal without too much amplification due to parallel resonance.

Active filter not only acts as a damping to the parallel resonance but it also blocks the harmonic
current into shunt passive filter due to source harmonic voltage. Control schemes likes PWM [5,
8, 12, 15], hysteresis based dead band control [3, 7, 10, 13] has been proposed.

In [9] Active power filter for three phase system was introduced, in this topology a three phase
VSI was connected to the ac mains supply in shunt. The control scheme consists of two different
loops, one used for regulation of capacitor voltage and generation of reference currents of filter

and other to control the filter injected current to its reference value.

Following things were assumed in this:

e The working ac system was considered to be infinite (strong). Impedance of the source

was neglected and distortion in voltage at the terminal wasn®t considered.

o All the three line currents are in phase with their respective voltages.
e The transformer used to isolate the ac system and filter serves like connecting impedance.

The filter was able to remove harmonics current from the source current and bring down the THD to 10 %.

In [10] a new control scheme was used for parallel 3 phase shunt active filter to calculate the

reactive power and the harmonic component of the system.

1.4  Structure of this Dissertation report

This report is divided into five chapters.

In the first chapter, a brief introduction about the underlying principle, Methodology
adopted in completion and structural outline of the complete dissertation work has been carried
out. A detailed Literature review is also done in this chapter.

In the second chapter, Shunt active power filter is discussed in detail. A brief overview

and operation is discussed. Design of various parameters of filter is also done. Various control



strategies for active filter are also outlined.

In third chapter performance investigation of SAPF is carried out in detail. Simulation
is done for 3P3W , SAPF for R, RL and unbalanced load. The neutral current is compensated in
4W system.

In fourth chapter hardware and experimental setup development is discussed.
Development of various circuits like MOSFET Driver circuit, Snubber circuit, Power supply
circuit, Sensors circuit, Adder circuit etc. The implementation of three phase three wire shunt
active filter is also carried out.

In the fifth chapter experimental results obtained with the developed hardware are
discussed in detail.

In the sixth chapter conclusion of the work done is given, photograph of hardware setup

and references are also given.



Chapter 2 : Shunt Active Power Filter

In this chapter shunt active power filter is discussed in detail. The working, topologies, control

schemes have been presented.

2.1 Overview

The presence of nonlinear load in power distribution system is the major source of the
harmonics; they draw non sinusoidal current and inject harmonics into the system. Shunt Active
power filter acts as a harmonic source but injects harmonics 180° out of phase to the current

injected by nonlinear loads. It can also compensate the reactive power problem.

i

PL =P+ +Pn

QL =Qr+Qn

Pc =Ph —Plose 1
Qe = Qi+ Qn _I j
N,

Figure 2.1 A generalized block of SAPF

The shunt active power filter injects the harmonic current at the point of common coupling
(PCC) thus cancelling out the current injected by the nonlinear load. For the source, SAPF plus
nonlinear load seems like a pure resistive load. After compensation source just provides

sinusoidal current in phase to the source voltage.

2.1.1 Operation of Shunt Active Power Filter

The shunt active power filter acts as a harmonic source and injects harmonics 180° out of phase to
6



the current injected by load. It also compensate the current lag due to reactive nature of load i.e.
SAPF compensate both harmonics and reactive power. The source is only supplying the active
power and losses occurred in the filter.

&

WAWAWA WAWANANER
VoV IVARVARVA

APLC connection

Without APLC With APLC

Figure 2.2 Schematic currents of SAPF

The current injected by SAPF cancels out the harmonics present in source current. The reference
value of compensating current is selected in such a way that the sum of injected current by filter
and the sinusoidal current by source is exactly the same as the distorted current drawn by load.
This has been clearly shown in Figure 2.2. The desired filter current is achieved by giving
suitable firing pulses to Multilevel Inverter.

2.2 Design of Shunt Active filter circuit Parameter

To design the various parameters of the Shunt Active Power circuit, mainly three
parameter values are taken into account.



e The value of coupling Inductor, L¢

e DC Capacitor Value, Cqc
e The reference voltage level for the DC link capacitor to be charged.

2.2.1 Calculation of Coupling Inductor L.
The main objective of the connecting inductor is to reduce the ripples in current injected by

Filter. The value of inductor depends upon the value of reference voltage of capacitor and also

the current flowing through fit.

The reactive power to be compensated and harmonics current reduction also determines

the value of coupling inductor.

2.2.2 Calculation of DC link Reference Voltage Vdc
The DC capacitor is added to reduce the voltage ripples on the DC side of the inverter. To
calculate the required value of Capacitor, the amount of reactive power to be compensated

should be known. The value of DC capacitor voltage should be between the Vs and 2Vs.

/—( )
\Y/ L
e < YY) Vs
Vdc T 41 >
-
_ Y,

j(DLclcl

Figure 2.3 Single Line diagram of SAPF

If Vo > Vs, Q is positive, and If Ve < Vs, Q is negative. This means SAPF can only compensate

reactive power if the Ve is greater than Vs. The optimum value of DC capacitor voltage is given

8



by Ve < 2V2 Vs.

2.2.3 Calculation of Capacitance Value

The DC capacitor is added to reduce the voltage ripples on the DC side of the inverter. The value
is chosen in such a way that total ripple in DC voltage is not more than 10% of the average DC
voltage. To calculate the required value of Capacitor, the amount of reactive power to be
compensated should be known. The capacitor also supply/absorb active power in the transient

state. The capacitor value can be calculated by

Cdc= Tdcl rated
ﬁ(!) Vdc,p-p(nnx)

Where Vcpeak IS the peak to peak value of voltage ripple.

2.3 Components of SAPF

SAPF consists of mainly two distinct blocks

a) The PWM converter
b) The active filter controller

The PWM converter is responsible for power processing and synthesizing the compensating
current that should be drawn from the power system.

The active filter controller is responsible for signal processing in determining in real time the
instantaneous compensating current references, which are continuously passed to PWM
converters.

is iF il
o~ WA - My
[ /'\_,\ — — o
\_/ PCC
Electrical system

Nonlinear load

T iF

Shunt active power filter

B |

[

' Active Filter
L —
PWM Converter Controller

Fig 2.4 Basic configuration of SAPF [3]
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2.3.1 PWM Converter

A voltage source converter (VSC) or a current source converter (CSC) can either be used as PWM
converter for SAPF for synthesizing the compensating current. Both have different design however
both the controllers have the same functionality i.e to force the converter to behave as a controlled
current source. No power supply, only an energy storage element (capacitor for the VSC and
inductor for the CSC) is connected at the dc side of the converters.

Because the function of the filter is to behave like a compensator, and the average energy
exchanged between the active filter and power system should be zero.

Po
7 81 ) 9 81 \ 9 81 \ 9
= -
82 82 2
y 9&x Y 9% ML &9
9 | 9 s I
o QUTPUT
C POINT 3 = s
3\ '
OO NMUA9A NOAO
7
A 9 9 9
8
84\_1 9 84\_' 9 4\—‘ 9
No

Fig 2.5: 3 level 3 leg diode clamped multilevel inverter

A three-level diode-clamped inverter is shown in Fig. 3. In this circuit, the dc-bus voltage is split
into two halves by two series connected bulk capacitors, CDC1 and CDC2. The two clamping
diodes Dcl and Dc2 distinguish this circuit from a conventional two-level inverter .These two
diodes clamp the switch voltage to half the level of the dc-bus voltage. The output voltage has three

states: —Vpc , 0 and +Vpc.
2.3.2 Active Filter controller

The control algorithm implemented in the controller of the shunt active filter determines the
compensation characteristics of the shunt active filter. There are many ways to design a control
algorithm for active filtering. Certainly, the p-g Theory forms a very efficient basis for designing

active filter controllers.
10



The controller design is very difficult if the supply has voltage distortion. Unless the supply voltage
is purely sinusoidal, these three conditions cannot be satisfied simultaneously.

1) Draw a constant instantaneous active power from the source

2) Draw a sinusoidal current from the source

3) Draw the minimum RMS value of the source current that transports the same energy to
the load with minimum losses along the transmission line. Source has current
waveforms proportional to the corresponding voltages.

Under three-phase sinusoidal balanced voltages, it is possible to satisfy simultaneously the three
optimal compensation characteristics given above.

2.4 Three Phase Three wire Shunt Active Power Filter
Three phase power supply with three phase nonlinear load requires three phase shunt active filter
for harmonics and reactive power compensation. Three phase three wire shunt Active power

filtter consist of VSI or CSI as in inverter which feeds compensating current at the point of

common coupling.

& L. __pcc R
i N
\\\ Three phase L

\\ brigigc
Three phase  p rectifier
AC supply 4

Re SRR
"rg ’-r3 L 2 level VS|
Ns: NS TSS l

S |

Figure 2.6 Basic Block of 3P3W Shunt Active Filter
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A generalized block of 3 phase 3 wire shunt active filter is shown in the figure 2.4. Three phase
bridge rectified load is fed from three phase ac supply. Shunt active power filter is connected
across to compensate harmonics injected by load and reactive power needed by load. Lt is the
interfacing inductor connected in series to dampen the current ripples in the compensating

current injected by filter.

A voltage source inverter is added to synthesis the compensating current for the filter.
Appropriate control scheme is applied and gating pulse is given to synthesis the exact
compensating current. The DC capacitor act as the active power absorbing or supplying unit in
case of transient. It also facilitates the interconnecting of three phases through inverter such that

the oscillating reactive power gets distributed among phases and get compensated.

2.5 Control Schemes for Shunt Active Power Filter

In this section various control schemes and basic approach to calculate reference compensating
current are discussed. The compensating characteristic of filter depends on the control schemes
used to generate reference voltages. Certainly the p-q theory is one of the most efficient control

techniques, some other control techniques are also discussed in this section.

The design and implementation of controller becomes difficult if the source voltages are

not free of distortions or is unbalanced.

If the source voltage is not free from harmonics or distortions and it is not balanced then

the p-qtheory tells us that it is impossible to achieve all optimal condition simultaneously

2.5.1 To take only the instantaneous active power from the source
2.5.2 To make the source current sinusoidal
2.5.3 To minimize the current for the same amount of power drawn by load. I.e. the rms source

current is minimized to supply required power to the load.

As discussed earlier if the source voltage is not free from distortion then it is possible to achieve
ONLY one of the above conditions. Therefore one should choose the compensating quantity
beforehand. Based on the requirement there are following control schemes that satisfies specific

purposes.

12



2.5.4 Constant power control method
2.5.5 Sinusoidal current control method

2.5.6 Generalized Fryze current control method

Under the balanced three phase voltage source free from any distortion all three control strategy

will yield same result. But under not so balanced case they have different function.

1) Constant Power Currents

Distorted System Voltages (p=p)

§
i

3) Generalized Fryze Currents 2) Sinusoidal Currents
(p=p+p) (p=p+p:iq=ql

£y W i, /\_/\/
iy ../\/\/—W/\/‘l i /\/\.
i. MAANASY N ANV b P o™ T T

E ] t ]

Figure 2.7 Results from the different control schemes [2]

Figure 1 depicts the assumed voltage source with lots of distortions and imbalance. It has been
magnified to make things more obvious. Now the first control method constant instantaneous
power method makes sure that we only draw the dc component of active power from the source.
And when the voltage is distorted and we draw only the active power, the current cannot be

sinusoidal; it has to be in phase with voltage!

The second method makes sure that the source current is sinusoidal and balanced no
matter how the source voltage is; the reactive power is also compensated making current in
phase with the voltage. However the source is providing a mixture of oscillating active and

reactive power too.

13



The third method minimizes the value of rms current being drawn from the source, thus
minimizing the ohmic loss. Although it doesn’t ensure the current to be sinusoidal or its rms

value to be minimum under distorted source voltage input.
2.6 Active Power Filter Controller Components

The SAPF used in this dissertation work contains a Multilevel Inverter and a current controller.
The control blocks of Active power filter can be divided into four major blocks

Instantaneous power calculation block

Compensation power calculation block

Block that regulates DC capacitor Voltage

e A

Calculation of reference current

Non-linear
load

Figure 2.8 Functional control blocks of SAPF [2]

The function of the first block is to calculate the real and imaginary power being drawn by the
nonlinear load, as per p-q theory only these two powers exist because value of zero sequence

power in three phase three wire system is zero.

14



The second block determines the compensation spectrum of the shunt active filter, in other

words it defines what filter will compensate harmonics, reactive power or both.

The third block regulates the DC capacitor voltage, when the voltage level is below the reference
value subtracts the Pioss from the power being compensated by filter, thus forcing source to
provide that extra Pioss power to increase the capacitor voltage, and when the Capacitor voltage
falls below the reference voltage it does the exact opposite. The fourth and last block determines
the compensating currents from the compensating active and reactive components of power
passed to it by use of inverse transforms. It passes these currents to the current control block
which generates firing pulses to the inverter to synthesis the exact compensating currents. To
generate the firing pulses any of the current control techniques can be used, like hysteresis

current control, space vector modulation, PWM techniques, sliding mode control techniques etc.

Instantaneous Reactive power theory (P-Q Theory)
This is the most widely used method for calculating compensating signal. Akagi et. al. in [22]

have presented a new p-q theory which comprise switching devices without energy storage

components.
DC Link [ Vi K
Voltage de —
+ y Gain
ref
: P.
v Calculati Filter ~
Phase a alculation P =n P o
r v # » ) ’ . et A alculation
Voltages| “» Va Y5 Yo w Calculation ~ Calculation -
v !
¢ : % ca
,? 4 » IItu # ich*
i q i ﬂ’" i*
a - ’ P ¢ cc
‘Load ; _Calcu.lallm? # P, - | = i *
Currents | # I, g 1 P P, =
I * Filter t i
0

Figure 2.9 Instantaneous Reactive power theory diagram

A detailed block diagram of the calculations involved in instantaneous power theory can
be seen in the figure given below.
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Fig. 2.10: Constant instantaneous power control method.

Current Controller

The generalized block diagram for a hysteresis current control loop for an inverter is shown
in Fig below. The error function e(t) is obtained from the difference between the reference
current iref(t) and the actual current iact(t). The error is passed through the hysteresis
controller to obtain the control signal u(t). This control signal gives the switching command
to the power switches of the inverters to produce the desired output voltage waveform.

ysteresis — |# d
Hysteresis — |% | [nverter |—C
current control
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Three level hysteresis modulation. The switching Logic of 3 Level Inverter is shown below.
U(t). The error function e(t) is obtained from the difference between the reference current
iref(t) and the actual current iact(t). The error is passed through the hysteresis controller to

obtain the control signal u(t).

uf
4++1 -
u(t) = + 1 for e(t) > + (h+ 8) +Vdc
u(t)=-1fore(t)<-(h+9d)0 - P ol
u(t) = 0 for - 6 <e(t) < + 6 -Vdc J - +0 +h T
- + -1

The switching states of the three level diode clamped inverter are summarized in Table

e>0.0 e<0.0
8. No. e>+ (ht o) e <4 e <—(h+9) € >-0
S§; ON S,0FF S; OFF S10OFF
Dindle: S, ON S, ON S, OFF S, ON
clamped - 2 2 2
inverter S3 QFF S 3 ON S; ON 83 ON
S4 OFF S4OFF Si: ON Sy OFF

2.7 Conclusion
The general overview, design parameter calculation, operation and some control schemes of the
shunt active power filter is discussed. The simulation result of three wire shunt active power

fitter will be discussed in next chapter.
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Chapter 3 : Performance Evaluationof Shunt Active Power Filter

In this chapter detailed performance investigation of Multilevel inverter for Shunt Active Power
filter is carried out on MATLAB/Simulink Environment. The simulations are carried out for

both three phase three wire and three phase four wire shunt active power filter.

As discussed earlier, the simulation has been done using instantaneous reactive power theory.

The simulation results were found to be in agreement with the theoretical expected output.
3.1 Three phase three wire Active power filter

The simulation of 3P3W SAPF has been carried out in Simulink environment under balanced as
well as unbalanced load. The p-q theory is implemented to calculate the compensating currents.

Diode rectified R and RL load acts as nonlinear load in the simulation.

o ILF:IE[’

Y YT L

|

S

Non — Linear
Load
Ic

Supply

0l
N7

Fig. 3.1: Schematic Diagram of Shunt Active Filter
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Nonlinear Load

Fe———; = - r=}
Mba A
e a "

SAPF

Figure 3.2 Simulink Model of 3P3W SAPF

The Simulink model is shown in the figure 3.1; The three phase AC voltage source is placed to
mimic the power supply in day to day life. The frequency is same as 50 Hz as to the real

distribution system in India. The SAPF is connected across the non-liner load at the PCC.

A relay is connected between filter and PCC to facilitate the switching of filter connection at

desired time to enhance the demonstration of filter working.

Vabc Compensating Reference Current
ILoad ICabc »{ lcomp
> Ploss
) PQ compensation Calculator
Current controller
DV - |_ref
oltage
+ 1 /
|_meas p  lapf
l Multilevel Inverter
L Al Ap——___glp Iabc A
a|e al A a A alm
T ok Jo - g <>
B1 c g —3a|C c|= a C C C c B
: = VAL meas. 1 Coupling Inductor :
C

Figure 3.3 Simulink model of Shunt Active filter
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Fig 3.2 shows the Simulink model of active filter with the control blocks to calculate reference
current and current controller to generate the firing pulses and multilevel inverter to synthesize

the currents. Coupling inductor is added to smooth the current ripples.

ocoea

Figure 3.4 Simulink model of Multilevel Inverter
A diode neutral clamped three level multilevel inverter is used as Voltage source inverter to

synthesize the compensating current. Split capacitor topology is used for this simulation.

r‘w\ T »
=] I
N ue n
s I tH <

vr\:w:v:ll',' J

Figure 3.5 VI Measurement block

A three phase VI measurement block is used to measure three phase voltage and currents, and to

give the measured signal to PQ compensation calculator to calculate the reference current la*,
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Ib* and Ic* and pass the value to current controller.

Current Controller

As explained abowve, A hysteresis controller

is used in simulation. The switching logic is as

explained below.

u(t) =+ 1fore(t) >+ (h+ §) +Vdc
u(t)=-1fore(t)<-(h+9d)0
u(t) =0 for - d<e(t) <+ 6 -Vdc

fu_ref

3}

Adat

Reay2

=

Figure 3.6 Simulink model of Hysteresis Current Controller

uf
441 -
—Jh -(5 I;]" !
+0 4+
e + -1

The switching states of the three level diode clamped inverter are summarized in Table

e> 0.0 e<0.0
SN0, e>+ (ht o) ) e <—(h+a) € >-0
S, ON S,0FF S, OFF S,0FF
Enulen S, ON S, ON S, OFF S, ON
clamped
inverter S; OFF S5 ON S; ON S; ON
54 OFF S,OFF S: ON S, OFF
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The current controller block uses the hysteresis current controller to compare the reference
current with the actual current injected by the active filter. It generates the 12 firing pulses for the

mulktilevel inverter.

Source ) - -

Voltage | ;
Clarke |
. =h.
Transformation

Compensating =" Reference compensating

rowier InverseClarke | . current to Hysteresis
chiculxtion Transformation ] current controller
Load ~ i Block \ —

current |
Clark
arke )
Transformation \

abe ref frame aff ref frame

Figure 3.7 Generalized PQ power control block

The same logic was implemented in Simulink to calculate the power in off reference frame from
a-b-c reference frame using Clarke™s Transformation, Then separating the component of power
to be compensated by the fiter. Inverse Clarke™s transformation is used to calculate the

reference current to be synthesized by the multilevel inverter.

G )r——pvae Ploss
Ploss
Pl controller Ploss
va Valpha P Valpha P PC > FC Ica
G )— Vb o\ _\—> P let »ict )
Ve
Vabc ve VEWbstab—— L a Q 2 G}
Lo 4 4 col—»

ILcad

PQ
la |alpha | ——lziphz Valphat —1__p|Valpha
@ » le2 ] lc2 >
Y ‘f} Vbsta Vibsta 1Ce
Ib=ta P lbeta Vbatat P Vbata ¢ e

CLARKE V. 4
ICOM \cal

Valpha. P Valpha

lc

CLARKE | Bl T Y e Pcompensate calc Alpha Beta current Compensation current

Figure 3.8 Simulink model of reference current calculation block



A bridge rectified load is connect to act as nonlinear load drawing distorted current from
the system or in other words injecting harmonics into the system.

. =
fi:v)

ViMSsaamey m

—de
——v

L]

Vi ME e
Bampe)

1

—

Figure 3.9 Simulink model of Load

The relay is added to disconnect or connect the nonlinear load and unbalanced three phase
star load.
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3.2 Parameters used for Simulation

The following parameter values are used in simulation of 3P3W and 3P4W SAPF.

N

415V

50 Hz
0.01 Q
0.01 mH
75€Q balanced
(75Q,100€2,150€Q) unbalanced
Dcl , Dc2 = 2200 Wy
40 pF
40mH

600 V

H=0.05 A, 6 =0.01A



3.3Simulation Results

3 Phase 3 Wire Shunt Active Power Filter
Controlled Rectifier R Load, Filter is connected at 0.06 second. In the below figure nonlinear
load is drawing distorted current and after switching on of filter, all the harmonics and reactive

power is compensated.

Jphase Sorce Voltage

340 ~eses smean

20 I T T ' ¢
o ;
20 1 1 | i 1
0 ooz 0.04 006 oo m1 01z
5 3 phase Source Cumrent

Figure 3.10 (a) Source Voltage (b) Load Current (c) Source Voltage

NN

Fig 3.11 :Source Current (a)lsa (b) Isb (c)lsc
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Figure 3.12 Active and Reactive Power ,Source P (a) P (b) Q ; Load (c) P (d) Q
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Figure 3.13 (a) Source current, (b) Load current (c) current injected by filter
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The source current before compensation from the filter consist of predominantly 5", 7th and 11"

harmonics with 5™ harmonics greater than 20%. The total THD of the current was found to be
30.66 %

e Bl B o B e ---I--__--_I_"-l-,

[] ) 0 0% 0s % 00 o ®o 500 %00

Fregeency ()

Figure 3.14 THD Analysis of load current in case of R Load

After connecting the shunt active filter, there is significant decrease in the harmonic content of

the source current. All the major 5", 7" and 11" harmonics reduces to less than 1 % of the
fundamental. The total THD is found to be 2.71%

FET snaiyan

Fundamental (50Mz) = 821 THD=2T1%
T T T T T

Fundamental)

Mag (% of

ll..lllu;..-;:;-_ul —r i B B
0 100 200 30 400 500 £00 100 800 200 1000
Frequency (Hz)

Figure 3.15 THD of Source current after filter Compensation

The harmonic content of the source current is found to be compensated by the shunt active filter.
The THD of source current in case of R load decreases from 31 % to 2 %.
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Controlled Rectifier R-L Load

0 0.02 0.04 0.08 0.08 01 012

0 0.02 0.04 008 0.08 01 012

Time offset: 0
Figure 3.17 Source Current (a) Isa (b) Isb (c) Isc

28



ess T T

I T
ME/\/\/\/\/“V”\/\/’\/\/\/\/\/\/\/\/\/\/’\/'\/”\/\/\’” VYV VNV VIV VIV VTV

a l l | | |

O Lons

T T & i | T
ooe -
1000 p
| | |
0 a2 ) ) [
Tew et ¢

ooy e o 0oe ar arg

T ot 4

Figure 3.19 (a)Source Current, (b) Load Current, (c) Filter Current
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Fig 3.21 :Phase Voltage and Phase Current
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3 phase Unbalanced Load; Filter is switched on at 0.06 second

Virvses offaar

Figure 3.22 (a) Source Voltage (b) Load Current (c) Source
Current
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" Figure 3.23 Active and Reactive Power ,Source P (a) P (b) Q ; Load (c) P (d) Q
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Figure 3.24 (a)Source Current,(b) Load Current, (c) Filter Current
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3.5 DC link capacitor Voltage Regulation

The DC capacitor voltage is required to be at a predefined constant value for the proper
operation of multilevel inverter, therefore it is regulated with the help of PI controller. As the
capacitor voltage starts faling down from the set reference value, the controller forces the
source to supply more active power than that required by the load. The extra power is stored in
the capacitor and hence the voltage increases. If the capacitor voltage drops down the reference
value then the controller make the source supply less active power than that required by the

load, the deficit power is drawn from the capacitor reducing its voltage.

(}7 —— D
Wdc I Ploss
I | :
Vref Discrete
PI Controller
600

Figure 3.25 PI controller for Vdc Regulation
The DC capacitor voltage is required to be at a predefined constant value for the proper operation

of multilevel inverter, therefore it is requlated with the help of PI controller.

e e e e e e e e ey

’ Capacitor Voltage Vref=600 V

Figure 3.26 Capacitor Voltages Vdcspaw
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3.6 Conclusion

Harmonic content of the source current was reduced significantly after connection shunt active
power filter. Since the controller was designed such that the oscillation component of active
power is provided by SAPF, leaving source to supply only DC component of active power.
Hence source current is in phase to the source voltage and free of any harmonics

40

345

35
30.66

30 A

25 A

20 - B THD Before Filter

B THD After Filter

15 A

Rectified R Load Rectified RL Load

Figure 3.27 Comparison of THD of source current before and after filter
There are some switching losses in multilevel inverter while operation, this is supplied by source

in form of Ploss.

Power Factor

M Before Filter After Filter

1 1

0.925

Rectified R L Load Rectified R C Load

Figure 3.28 Power factor comparison before and after filter
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Chapter 4 : Hardware Developmentand Experimentation

In this chapter hardware and experimental setup development is discussed. Development of
various circuits like MOSFET Driver circuit, Snubber circuit, power supply circuit, sensors
circuit, adder circuit etc. The implementation of three phase three wire shunt active filter is also

carried out.

An experimental prototype of three level diode clamped multilevel inverter based shunt active
power filter is developed for analysis and verification of the simulation result. A diode bridge
rectified R-L load is used as a nonlinear load to inject harmonics in the system. To implement the

hardware prototype of shunt active power filter these things are also developed.

e Diode clamped three level multilevel inverter
e Nonlinear R-L Load

e \oltage sensor circuit

e Current sensor circuit

e DC power supply circuit

e MOSFET driver circuit

e Control circuit

The aim of sensor circuit is to scale down the measured signal to the appropriate value as per
controller and also to provide isolation between the high voltage and low voltage circuits. The
adder circuit was implemented because ADC channel of DSP were unable to sense negative
voltages.

4.1 Development of Multilevel inverter

The three level diode clamped multilevel inverter is developed as power circuit of shunt active
power filter. The inverter consists of 12 MOSFET based switches (MOSFET IRFP 460), The DC
side consists of split capacitor topology. The inverter is connected to PCC through interfacing
inductor to the PCC.
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Figure 4.1 Three level diode clamped multilevel inverter

4.2 Nonlinear load Implementation

The R-L load is connected across the three phase bridge rectifier to act as nonlinear load, two

single phase diode bridge rectifier is used as three phase diode bridge rectifier.
ARK |,
-1

RL Load

A

Figure 4.2 Diode Bridge rectified nonlinear load

4.3 Snubber circuit for MOSFET

Switching high current in very less time will generate high voltage transient; this voltage may
cross the rated limit of MOSFET and may cause damage to it and its driver circuit. Therefore to

save the semiconductor switch from this transient voltage Snubber circuit are used.
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Figure 4.3 Snubber circuit for MOSFET
The diode prevents the capacitor from discharging via switching devices, because this discharge
current can damage switch or other circuit. An additional Metal oxide varistor is connected

across each switch to protect against over voltage across the switch.

4.4 Complete MOSFET driver circuit
Complete driver circuit of MOSFET consists of pulse amplification circuit, snubber circuit for

protection, 12 V power supply circuit.

"i d 1
7812 Gate
——  INGOOTZ 7R 1N40O7
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(r— v 100uF
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| B 1K5W
oo Pinacor -
| r—
|
|
[ -
Optocoupier
sv 15K MCT 2E o~ 5““
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=
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Gate signal !
o Foan Trav
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|

Figure 4.4 Complete MOSFET driver circuit
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The pulse is amplified by transistor 2N222. The isolation between high voltage side and low
voltage side is done by IC MCT2E, it acts as opto-isolator or opto-coupler which isolates two

circuits at different voltage level using light.

SZ%E&I:

Figure 4.5 Opto-Coupler IC MCT 2E

It contain an emitter of light which generate in light rays near infrared region, the light falls on
the photosenser which detect the light and convert it back into electrical signal thus isolating the

circuit.

Output transistor then receive no base drive and remains cut-off region and +12 V pulse
amplified appears at its collector terminal. This circuit provides both isolation and amplification.
Further, any voltage level above 20 V can damage MOSFET, to solve this problem the voltage to
switch is clamped at 12 V by a 12V Zener diode. The separate 12 volt supply is made of each

switch.

4.5 DC power supply
Various circuits like driver circuit, voltage sensor, current sensor etc. require regulated £5V,
+12V, £15V DC supply.

51> |
7812 +
1000ur_l | | I— | 2y

—

| 50V T ~1~ 0.1UF

—H— ‘ 25v
1000UF —i— | 0.1UF—

T -
50v 25y Ve
‘ [ 912 |
7912 -12Vv
L1

Figure 4.6 12 volt DC supply circuit

_

220v/20-0-20v
50Hz

(
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A 220V/20-0-20V transformer is used to step down the AC voltage; it is rectified by diode

rectifier. The capacitors are added to reduce the voltage ripples. For each power supply circuit

specific capacitor values are chosen.

7805

-
——
1000UF
s50v 7]
220V / 6-0-6 V i
50Hz
—

1000UF
S0V

7

Figure 4.7 5 volt DC supply circuit

4.6 Development of Measurement sensors

+5V

GND

For accurate, effective and reliable operation of system in closed loop it is required to measure
different system signal values in real time precisely. Moreover before feeding these signal to the

controller, its conditioning is required. A sensor should have following characteristics.

e Should be highly accurate

e Galvanic isolation between high and low voltage sides

e Installation should be easy

e Should be linear and have fast response

There are many sensors available to meet these requirements, such as Hall Effect sensors and

voltage sensors. In order to implement the algorithm, following signals are needed to be sensed.

e AC source Voltages and Current.

e DC link capacitor voltage.
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4.6.1 Voltage sensor circuit

The AC phase voltage is required to sense for the implementation of control circuit of shunt

active power filter. For this isolation amplifier AD202JN or LV20-P can be used. The input

voltage is scaled down to the proper range with the help of combination of resistances.

38 22
AD202JN _I

19

18

3 20 pr——

+12v

10K

+12V

-12v

Figure 4.8 Voltage sensor circuit

1K

1K

S |

Output

The first operational amplifier works as a buffer which increases the current rating without

loading the isolation amplifier. The second operational amplifier is used as a scalar to scale the

output to the desired value.

4.6.2 Current Sensor Circuit

Hall sensors are used as current sensors to sense the AC current, it also provides galvanic

isolation between high voltage power circuit and low voltage control circuit. This sensor works

with a transformation ratio of 1000:1 therefore the gain inside controller is adjusted to account

for the ratio.
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Figure 4.9 Current Sensor Circuit

First operational amplifier acts as buffer which increase the current capacity of the sensor without
overloading the sensor, second amplifier act as scalar which scales down the output as required, the

third amplifier again acts as buffer.

4.6.3 Development of Dead Band Circuit

L DJ—:\/\/\,—___|>.,_I>.,_L:>—° Sq
Tho.0

s WIS o
0 oo

Figure 4.10 Dead band circuits for a leg
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4.6.4 dSPACE 1104

The DS1104 R&D Controller Board is a piece of hardware that upgrades your PC to a powerful
development system for rapid control prototyping. The real-time hardware based on PowerPC
technology and its set of I/O interfaces makes the board an ideal solution for developing controllers in
various industrial fields. The DS1104 R&D Controller Board is impressive proof that power does not
necessarily have to be expensive. The DS1104 offers an intelligent subset of the hardware architecture
of the DS1103 PPC Controller Board, our long-running success. This way, the DS1104 is available at a
reasonable price, making it the perfect development system for industry and equally for universities.

DS1104 Interface Board (QIB) is equipped with the following connectors:

v

RCA Connectors for eight A/D and D/A channels.

DIN5 Connectors for two single ended Encoder inputs.

2x5 protected headers for two Differential Encoder inputs.

20 1/O available on two 2x10 protected headers.

2x5 protected header for RS-232 and RS442/485.

2x5 protected header J6 for Serial Peripheral Interface (SPI) and Capture Inputs.
2x5 protected header J8 for non-inverted and inverted 3 phase PWM outputs.
2x5 protected header J9 for single phase PWM outputs.

1 Amp Fuse for DS1104 overload protection and LED for Encoder.

YV V.V V V V V V

It is a standard board that can be plugged into a PClI slot of a PC. The DS1104 is specifically designed
for the development of high-speed multivariable digital controllers and real-time simulations in various
fields. Itis a complete real time control system based on a 603 PowerPC floating-point processor
running at 250MHz. For advanced 1/0 purposes, the board includes a slave-DSP subsystem based on
the TMS320F240DSP microcontroller. For purpose of rapid control prototyping, DAC, encoder
interface module of the connector panel. Provide easy access to all input and output signals of the board

4.6.5 Analog to Digital Conversion (ADC)

The master PPC on the DS1104 controls an ADC unit featuring two different types of A/D
converters:

e One A/D converter (ADC1) multiplexed to four channels (signals ADCH1 ... ADCH4).The
input signals of the converter are selected by a 4:1 input multiplexer. The A/D converters have
the following characteristics:

0 16-bit resolution o +10 V input voltage range
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o0 + 5 mV offset error

0 = 0.25% gain error

o >80 dB (at 10 kHz) signal-to-noise ratio (SNR)

e Four parallel A/D converters (ADC2 ... ADC5) with one channel each (signals ADCHS5 ...
ADCHS8). The A/D converters have the following characteristics:

0 12-bit resolution

o 10 V input voltage range

o + 5 mV offset error

0 + 0.5% gain error

0 > 70 dB signal-to-noise ratio (SNR)
To configure the software so that it can get this signal into the controller we click on “ADC” in
the upper left corner (note the label on the bottom of that button). In the window that comes up

there is a Help button. If you click it, you will see:

DS1104ADC_Cx
Purpose

To read from a single channel of one of 4 parallel A/D converter channels.

1/0 mapping
For information on the I/O mapping, refer to ADC Unit.

1/0 characteristics
Scaling between the analog input voltage and the output of the block:

Input Voltage Range ‘ Simulink Output
-10V ... +10V \—1 ... +1 (double)

The physical input signal input range is -10V to +10V. dSPACE always scales this by a factor of
0.1 (multiplies by this number) to place the value on arange of - 1V to +1V. We need to take the

ADC signal and multiply by 10 to remove the scale factor.
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4.6.6 Digital to Analog Conversion (DAC)

The master PPCon the DS1104 controls a D/A converter. It has the following characteristics:
o 8 parallel DAC channels (signals DACH1 ... DACHS)

0 16-bit resolution

0 +10 V output voltage range V/K offset drift [

o 1 mV offseterror, 10

0 * 0.1% gain error, 25 ppm/K gain drift

0 >80 dB (at 10 kHz) signal-to-noise ratio (SNR)

o Transparent and latched mode

To configure the software to generate the output signals we clickon “DAC” on the left side, third block
down (note the label on the bottom of that button). In the window that comes up there is a Help button. If
you clickit, youwill see:

A dead-band circuit is designed to provide a delay time of about 10 ps between the switching pulses
to two complementary valves connected in the same leg of the inverters. This is required to avoid the
short circuit of devices in the same leg due to simultaneous conduction of two valves of the same leg.
The delay time between switches of the same leg of H-bridge cell is introduced by a RC integrator
circuit as shown in figure 5.10.



CHAPTER 5 : EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Experimental Results
The prototype of multilevel inverter based three phase three wire shunt active power filter is
developed and run to verify the simulation results. In this section some of those experimental

results have been presented and discussed.

5.1.1 Operation of Multilevel inverter
To check the operation of multilevel inverter, SPWM pulses were given to it. The line to line

voltage is shown in the left part of the figure, and the pole voltage of multilevel inverter is shown

in the right part of the figure.

WCH1 ¥

Figure 5.1 PWM output of Multilevel Inverter

5.1.2 Experiment results with nonlinear RL load
In the Fig 4.11 all source current of three phases A, B and C, drawn by nonlinear load is shown.
A three phase diode bridge rectified RL load is used as a nonlinear load to inject harmonics in

the power system.

These results are taken with source voltage of 30V, coupling inductor of 3.6 mH and DC link

capacitor voltage at 60 V. other simulations are also carried out with same values.
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Figure 5.2 Source Current before compensation by filter

THD analysis of Three phase currents

Figure 5.3 THD of three phase currents before filter compensation

In the fig 4.12, three phase source current is shown after filter compensation; the currents
waveforms are sinusoidal as expected. Filter is compensation harmonics content of the source

current.
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Figure 5.4 Three phase source current after compensation from filter

In the figure 4.13, all three currents of phase A is shown, the source current is nearly sinusoidal
after compensation from the filter, the distorted current being drawn by the nonlinear load and

the compensating current injected by shunt active power filter.
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Figure 5.5 Source, load and filter currents of phase A
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THD analysis of three phase source current before and after filter compensation shows a
significant decrease in harmonics content. Current drawn by load and current injected by
filtter are also shown for phase A.

Figure 5.6 THD of three phase currents after filter compensation

THD of the source currents are reduced significantly harmonic compensation from filter

5.2 Conclusion

For the performance investigation of multilevel inverter based shunt active power filter 3P3W
SAPF hardware is developed. The experimentation is done on the diode clamped three level
multilevel inverter with unit vector template control scheme. Performance of SAPF is
investigated and THD of source current is found to be 12.7 % for phase A, 12.4% for Phase B
and 11.2 % for phase C.
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Chapter 6 : Conclusion

The three phase shunt active power filter comes out to be a good way to overcome problems
related to power quality. Due to its various advantages diode clamped three level multilevel

inverter was used as power circuit of shunt active power filter.

To analyze the system behavior simulation of three phase three wire SAPF was done and the

results were taken for Diode Bridge rectified R and RL Load.

A three phase multilevel inverter based shunt active filter was developed for the experimentation.
The control used was based on PQ theory control and it was implemented on DS1104 board. An
extra Current sensing circuit and voltage sensing circuit was build which could sent the signal to
the controller because ADC of the DS1104 can only sense voltage from 0-3V. The result

obtained was in agreement of the theory.

In future the multilevel inverter based 3P3W SAPF can also be extended to three phase four wire

system.
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Photograph of Hardware setup

MOSFET switch with its driver circuit

Voltege senor cicuit
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Hardware Implementation Of Shunt Active Power Filter
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Hardware Implementation Of Shunt Active Power Filter
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