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ABSTRACT

KEYWORDS: Active Front End Converter; Voltage Source Rectifier; Vector Control

The aim of the project is modeling and controlling of a 3-phase 3-wire and 3-phase
4-wire voltage source rectifier. These types of converters are generally classified as
Active Front End Converter (FEC), since these are connected to front /utility side
of the supply. The implemented converter can also be used as a replacement for
a diode bridge rectifier for an induction motor drive. Active front end converter
ensures bidirectional power flow between AC grid and DC bus. The front end
converter maintains a fixed DC bus at all operating conditions. It draws sinusoidal
current from the grid and have VAR compensation capability. In this project,
vector control of FEC has been implemented in a synchronous reference frame,
which is aligned with the a-phase grid voltage. Vector control ensures independent
control of both active power and reactive power flow between AC grid and active

front end rectifier.

Simulation studies are done for a 10 kVA 3-phase 3-wire and 3-phase 4-wire
FEC using MATLAB/SIMULINK to verify the design of the power circuit and con-
trol algorithms. The control hardware is developed based on the TMS320F28335
DSP from Texas Instruments, which is indigenously developed in the laboratory.
The system design and control software for 3-phase 3-wire and 3-phase 4-wire
FEC are experimentally validated on a 10 kVA laboratory prototype. A simple
algorithm in order to eliminate the lower order harmonics from the line current of

FEC has been implemented.
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CHAPTER 1

INTRODUCTION

In the present scenario renewable energy has become major focus for the research.
Among renewable sources Solar Power is efficient and environment friendly one.
India has tremendous scope of generating solar energy. The geographical location
of the country stands a benefit to this. Almost all parts of India receive 4-7 kWh of
solar radiation per sq meters. To meet the surge demand of electricity, solar energy

is the best form of energy needs of India and bridge the energy demand-supply

gap.

In near future, solar energy must be used as the prime source of electricity.
But one of the main challenge to supply solar power is its synchronization from
all the distributed generation. Solar PV panels supplies power at different DC
voltage levels. They are converted to 3-phase AC voltages and connected to the
conventional 440 V grid. A 3-phase grid tied front end converter generally used
for the DC to AC conversion. In this project both 10 kVA front end 3-phase 3-wire

and 3-phase 4-wire grid tied inverter controller implemented and tested.

1.1 Back ground of the project

A Grid-Tied inverter is a power converter that converts DC current to AC current
with an ability to synchronize with distribution Grid. Unlike in the transmission
3-phase 3-wire system, a 3-phase 4-wire system is necessary in the distribution
side. A 3-phase 4-wire system requires additional controllers from a 3-phase 3-
wire system. The inverter implemented in the laboratory has a 800 V DC bus and

it is connected to a 440 V supply.

In the implemented system AC power from the grid will be converted to a
DC voltage of 800 V, and this DC power will in turn fed into a resistance. The

implemented converter is capable of bi-directional power flow. A two-level voltage



source inverter (VSI) is used as grid tied inverter. The implemented converter
is essentially a current controlled voltage source. This type of converters are
generally classified as Front End Converter (FEC), since these are connected to
front /utility side of the supply. The implemented converter can also be used as a
replacement for a diode bridge rectifier for a induction motor drive. In this way
the regulation capability of the drive can be ensured with superior input current

quality.

The ideal requirements of a FEC are as follows

DC bus voltage control

Sinusoidal input current with any given power factor

Bi-directional power flow

Good dynamic response

1.1.1  Vector Control for FEC

The principle of Vector Control or Field Oriented Control (FOC) was originally
developed by F. Blaschke and K. Hasse in Germany by the late 1960s for control
of induction machine. The basic idea of this scheme is to control the flux produc-
ing and torque producing components of the induction motor in an independent
manner. In induction machine the outer loop controls the speed of the motor,
while the inner loop controls the current vector, which are producing torque and
flux. Because of this fact the speed control of induction machine can be easily
achieved[I]. Similar control technique can be adopted for power flow control of

FEC [2; 3].

In this method, 3-phase grid voltages and line currents are converted into
an equivalent 2-axes reference frame, which is stationary in nature. They are
further converted into a synchronous reference frame, which rotates with grid
(synchronous) frequency. In synchronous reference frame, the components of cur-
rent corresponding to active and reactive power are controlled in an independent
(orthogonal coordinates) manner similar to the torque and flux producing com-

ponents in a motor drive. It is important to note that in synchronous reference



frame voltage and current become DC quantity. Therefore it is easy to implement

these controllers using conventional PI controllers.

Though the technique of vector control was developed at late 1960’s, it could
not be readily realized in practice as the method is computationally intensive.
However, with the advancement in the digital processors, today implementation

of vector control algorithm is simple.

1.2 Power Structure of the System

Three Phase IGBT based

DC
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Fig. 1.1 Power structure of the system

The power structure of FEC consists of, a 3-phase 4-wire grid-tied inverter
through line inductance, common mode filter, resistive load across DC bus and
Digital Signal Controller(DSC). The power structure of FEC used is shown in
Fig. The controller is an indigenously developed 32-bit floating point Digital
Signal Controller(DSC).



1.3 Goals of the Project Work

In this project two FEC configurations are implemented in a 10 kVA setup. The
two configurations are 3-phase 3-wire and 3-phase 4-wire system. In applications
where neutral wire connection to the inverter is of mandatory, there 3-phase 4-wire
system is used. In general for motor drive applications, 3-phase 3-wire systems
are used. In applications like battery charger, UPS and grid tied inverter 3-phase
4-wire inverter connection is mandatory [4; B} 6]. For a 3-phase 4-wire system, the

control techniques needs few modifications from the 3-phase 3-wire system.

1.3.1 Vector control of 3-phase 3-wire FEC and 3-phase 4-
wire FEC

Achievements with the 3-phase 3-wire FEC and 3-phase 4-wire FEC, in this project
are listed below.

Vector control: In synchronous reference frame independent control of both
active and reactive power control is possible. Since in the synchronous reference
frame all the quantities are DC, a simple PI controller will make steady state error
zZero.

Soft start-up: Soft start-up algorithm helps the output voltage build gradually,
keeping the starting current low.

DC bus voltage regulation: DC bus will remain same voltage as reference
voltage within the prescribed load.

Operation at desired power factor: Achieved both lagging and leading power
factor operation of FEC.

Different PWM techniques: Both sinusoidal and space vector modulation
schemes has been experimented.

Elimination of lower order harmonic components from the line current:
Effective elimination of 5th and 7th harmonic components of line current without
increasing bandwidth of the controllers has been done.

Elimination of zero sequence current: Eliminated zero sequence current, that
is current that flowing through the neutral wire in a 3-phase 4-wire FEC with the

help of a neutral current controller.



Neutral current distortions: Analyzed the effect on neutral current distortions

with sinusoidal and space vector modulation schemes in a 3-phase 4-wire FEC.

1.4 Organisation of Thesis

Chapter 2 presents a detailed description on the theory of space phasors, de-
tailed modeling and analysis of 3-phase 3-wire Front End converter and 3-phase
4-wire FEC with different modulation techniques. The chapter also describes the
control strategy for the FEC and techniques for elimination of harmonics from
the line current. Front End Converter (FEC) is presented along with the relevant
equations.

Chapter 3 deals with the hardware organization for the implementation of FEC
on a 10 kVA laboratory prototype. Some of the basic capabilities and features
of the control platform, which is indigenously developed in the laboratory based
on the TMS320F28335 Digital Signal Controller (DSC), from Texas Instruments,
that are used in the control implementation. And the protection and delay card
that acts as the interface between the controller and the inverter is discussed. It
also describes the digital implementation FEC control system using per unitisa-
tion technique. The design of current controllers and voltage controllers used in
the vector control scheme are presented.

Chapter 4 Discusses the results obtained from the simulation for the 10 kVA FEC
(both 3-wire and 4-wire) as well as that from the actual hardware implementation
on the 10 kVA FEC (both 3-wire and 4-wire).

Chapter 5 Presents the summary of the work done and the future scope for im-

proving the work.



CHAPTER 2

Modeling, Analysis and Control of 3-phase 3-wire

and 3-phase 4-wire Front End Converter

2.1 Introduction

In this chapter modeling and control technique for a 3-phase 3-wire and a 3-phase
4-wire front end converter(FEC) are discussed. The three phase voltages and line
currents of a FEC are analyzed with complex space vectors and control techniques
adopted for the FEC are implemented in a synchronous reference frame. Proposed
control uses coordinate transformations which transforms voltages and currents
of a three phase stationary system to a revolving two coordinate time invariant
system which rotates at the grid frequency and synchronized with a-phase grid

voltage.

Relevant equations for control are derived in rotating reference frame and the
basic scheme for the control is presented. Deign methodology of a simple phase
locked loop (PLL) adopted to determine the rotating voltage reference frame is
discussed. Elimination of lower order harmonics (5th and 7th) from the line current

of the FEC also described in this chapter.

2.2 Vector Control of FEC

The concept of vector control for a 3-phase 3-wire FEC is described in following

section.

Figure [2.1], shows power architecture of a 3-phase 3-wire PWM rectifier which
have a IGBT based two-level VSI, necessary filter inductor and DC bus capacitor.

DC bus of the rectifier is formed by two identical series connected capacitors.
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Fig. 2.1 3-phase 3-wire FEC

The three phase balanced grid voltages are given below
Vsa(t) = VmCos(wt) (2.1)
Vsb(t) = VmCos(wt —2m/3) (2.2)
Vsc(t) = VmCos(wt+ 2m/3) (2.3)

Where Vi,, Vi and V. are three phase voltages. Transforming equations (£2.1])-
(2.3) into a-f (stationary) reference frame [7].

Vicg = [Vaalt) + V()™ 1 Vo ()73 (2.4)
Via +3Vip (2.5)
where
1 1
Via = Vialt) — 3 (t) — §Vsc(t) (2.6)
= ngCos(wt) (2.7)
Vo = L - vl 29
= ngSm(wt) (2.9)



Thus the grid voltage can be written in space vector format as given in Eq.(2.12)).

Vo = Via+4Vip (2.10)
_ gvm[Cos(wt)—i- i Sin(wt) (2.11)
= gvmeﬂ'wt (2.12)

The Eq. explains that, the voltage space vector (‘_/;) has a magnitude
of %Vm and it rotates with an angular speed of w with respect to a stationary
reference frame in the anti-clockwise direction. Hence space vector (\_/;) makes an
angle wt = 6 at any given instant of time with respect to the a-axis. Therefore, it
is able to choose a synchronous d-q reference frame which rotates with an angular
speed of w in the anti-clockwise direction and making an angle wt = 6 at any
given instant of time with respect to the a-axis as shown in the figure Here
the synchronous reference frame is selected in such a way that grid voltage space
vector (\75) is aligned along d-axis so that its component along g-axis is zero. Since
grid voltage space vector (175) and d-q axis rotating at same speed w as shown in

figure 2.2] then these are seemed to be stationary with respect to each other thus

grid voltage space vector appeared as DC quantity in d-q reference frame.

N2

Fig. 2.2 a-f and d-q frames phasor representation

From the figure derivation of the equation for V; in d-¢ reference frame is



given below

VsaCost + V35int (2.13)

VsgCost — Vi, Sinb (2.14)

2.3 Ideal Operation of Front End Converter

The possible modes of operations of a FEC are shown using phasor diagrams in

figure 2.3
In the figure 2.3} V; indicates grid voltage and V;,, indicates per phase inverter

Xt

(a)AC side Equivalent circuit

IS Vs .
VS 77

-IsX¢

IS VS
i» -IsXs
in

(b)Power flow from grid to
inverter at upf

> Ig
'stf
Vin Vin

(c)Power flow from grid to
inverter at leading pf

(d)Power flow from grid to
inverter at lagging pf

Vin Viﬂ
1 X Vin
< > l IsX
D Vs W ‘\;f Vs
Vs

(e)Power flow from inverter
to grid at upf

(F)Power flow from inverter

to grid at leading pf (g)Power flow from inverter

to grid at lagging pf
Fig. 2.3 Equivalent circuit and phasor diagrams of the FEC

output voltage. It is known that active power flows from leading voltage to lagging

voltage, and reactive power flows from higher magnitude of voltage to lower mag-



nitude of voltage. Therefore in FEC control, phase and magnitude of the inverter
voltage is adjusted in such a way that desired reactive and real power flows into
the inverter from the grid. If unity power factor current of magnitude I is desired
to be drawn from the grid, then the inverter voltage can be obtained by vectorially
adding grid voltage (V;) and negating the reactive drop (/;X) as shown in figure
2.3(b). In the similar way vector diagram for real power flow and reactive power

flow at different possible operating conditions are shown in figures [2.3|(b){2.3](g).

2.4 Modeling of 3-phase 3-wire Front End Con-

verter

In this section modeling of a 3-phase 3-wire FEC is discussed. As mentioned
earlier, the modeling and controller design has carried out in the rotating d-¢

reference frame. The rotating reference frame is obtained from the grid voltage.

Lk k.

| X
b, Vinb
I P Cdc
SC Vinc ;:

ik ok

Fig. 2.4 3-phase 3-wire FEC circuit diagram

3-phase balanced grid voltages for the 3-phase 3-wire FEC are given below.

Vsa(t) = VmCos(wt) (2.15)
Vsb(t) = VmCos(wt —2m/3) (2.16)
Vse(t) = VmCos(wt+ 2m/3) (2.17)

10



Applying KVL to circuit voltage equations for 3-phase 3-wire FEC can be

obtained as given below.

dls(t)

Vsa = Rf]sa+Lf dt +V;na (2.18)
dl(t

Vsb = Rply+ Ly dbt( ) + Vinb (2.19)
dl,.(t

Vse = RfJSC+Lf% + Vine (2.20)

Eq.(2.21)) can be obtained by transforming the equations (2.18)), (2.19) and

(2.20)) into the a-f reference frame.

dI*=5(t)

Vo = RpIOF 4 L + VP (2.21)

dt m

In Eq.(2.21)), ‘7;’_5 is the grid voltage space vector in a-f reference frame, fg—ﬁ is
the line current space vector in a-f reference frame and “/;;v—ﬁ is the inverter pole
voltage in a-f reference frame.

‘Z,d_q is the grid voltage space phasor observed from rotating (d-q) reference frame.

Therefore Eq.(2.21]) can be rewritten as

. . L d(I=1(t)ed®y .., .
Vsd_q(t)eje = Rflsd_qeje + Lf—( 5 dfﬁ )¢”’) + V;i_qeja (2.22)
d(lsd +j]sq)6j9

(Vaa + 3Vi)e?® = Ry(Loq + jl)e® + Ly + (Vina + Ving)e??  (2.23)

dt

- 14 . . . .
where wa = Lfdé—;deﬂ’ + jwL I e —i—ijdé%eﬁ —wLl,el?

(2.24)

It is important to note that equations and are still in the a-f refer-
ence frame.

Substituting equation Eq. in equation Eq., FEC equation in d-q ref-
erence frame can be obtained after multiplying Eq.(2.23) with e7#%. The d-axis
and g-axis components of FEC voltage equation in d-q reference frame can be ob-

tained by multiplying Eq.(2.23) with e~ and equating real and imaginary parts

11



as follows

dI,

Vie = Rylq+ Ly dtd — WLl + Vina (2.25)
dI,

%q = Rf]sq—f-Lf 1 —f—waISd—f—‘/mq (226)

dt

Eq. (2.25) and Eq. (2.26) together explain the front end converter equation in d-q

reference frame. Eq. (2.25) and Eq. (2.26)) can be rewrite as given in Eq. ({2.27))
and Eq. (2.28) (since, Vi, = 0).

dl
Vina = —Rylsq— Ly dtd + €ftd (2.27)
dl,
Ving = —Ryplsg— Ly—= +eppq (2.28)
Where, efpq = —Vsq — wlsly, and e5pq = wlyilyq are the d-axis and g-axis feed

forward terms respectively.

2.5 Control Strategy for FEC

As mentioned earlier, control of the FEC has been done in synchronous (d-q)

reference frame. The objectives of the FEC control are as follows.

e Maintaining DC bus voltage at a fixed reference value
e Control of real power flow from the grid

e Control of reactive power flow from the grid

All the above criteria for the control can be achieved through conventional
vector control techniques [8]. All the above vector controller loops are shown in
figure 2.5 In figure Vie and V are the actual and reference DC bus voltage
respectively, I,4 and Iy, are the d and g-axis component of the line current vector
in the d-q reference frame, I3; and I3, are the reference for d and g-axis component
of the line current vector in the d-q reference frame, essrq and esy, are the feed

forward terms in the d and g-axis respectively and V7, and V;: are the reference

. ing

pole voltage of the inverter in the d-q reference frame.

12



€frd

V*dc I*sd
Vind
V | —
dCT PI Controller ™ T Pl Controller

Fig. 2.5 Vector Controller Loops

The DC bus voltage regulation is possible through a PI controller, which takes
the difference between actual DC bus voltage and reference DC value as the input.
The output of the DC bus voltage controller will be the reference for 1,4 controller.
1,4 controller controls the real power flow from the grid, since I, is a measure of
real power (P) as shown in Eq.(2.29). The reactive power flow control from the
grid is possible through by controlling I, since I, is a measure of reactive power

Q) as shown in Eq.(2.30). Feed forward terms e;sy and e;s, are added at the
Ir fra

output of Iy and I, controller respectively, in order to get the V7, and V7 . V7,
and V;; will then used for the PWM generation.
2 2
P = 5[‘/:9dlsd + V:?q[sq] = g‘/sdjsd (229)
2 2
Q = g[x/sq]sd - V:sd]sq] = _g‘/sd]sq (230)

The overall block diagram of a vector controlled 3-phase 3-wire FEC in d-
q reference frame is shown in figure [2.6] The grid voltages and line currents are
transformed into d-q reference frame from the stationary reference frame, and
are used as feedback variables for the controller. The control calculations are

performed in the d-q reference frame.

The vector controller has an outer DC voltage controller loop and two inner

13
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Fig. 2.6 Control structure of FEC in d-q reference frame

* *
current controller loops. V7, and V7 ,

which are obtained after adding feed for-
ward terms to the inner controller loops are transformed into stationary reference
frame as V., Vr, and V5. V7> V> and V_  are the three phase modulat-
ing voltages in the stationary reference frame, which are used to generate PWM
pulses. The generated pulses will go to the IGBT gate driver and required pole

voltages will be generated at the inverter terminals.

The transformations from the stationary to d-g reference frame and d-g to
stationary reference frame requires information about C'osf and Sinf, where 6 is
angle made by d-axis with a-axis at any instant of time. The information about
Cosf and Sind can be obtained from a Phase Locked Loop (PLL). The structure
of a PLL is explained in the following section.

The details about PI controller design, feed-forward terms and PWM generation

are also explained in the subsequent sections.

2.5.1 Phase Locked Loop (PLL)

PLL plays a major role in the controller part as it will give position information
of the utility grid voltage at any instant of time. These Cosf and Sinf will be

used in the transformations of voltage and current between stationary reference

14



frame and synchronous reference frame[9]. The block diagram of PLL which is

used in the project is shown in figure 2.7} The three phase balanced grid voltages

new
Vsa

-

VSB new

Normalization

Vsa — Vso | Low Pass Low Pass
Filter " Filter
Vsb — abC B Cut-off=50 Hz Cut-off=50 Hz
o
Vsp [ Low Pass y| Low Pass
Vse — . Filter g Filter
Cut-off=50 Hz Cut-off=50 Hz

Fig. 2.7 PLL Block Diagram

are transformed into a-f reference frame. After that it will pas through two low

pass filters of cut-off frequency equals to 50H z. By normalizing the output with

appropriate values, Sinfl and Cosf can be generated.

The three phase balanced grid voltages are given below, here the assumption is

that grid frequency w = 27 % 50rad/s is a constant.

Vsa(t)
Vsb(t)
Vsc(t)

= VmCos(wt)
= VmCos(wt — 2m/3)
= VmCos(wt + 27/3)

3-phase to a-f transformations yield

Via

- ‘/sc(t)]
ngCOS(wt —7/2)

ngS in(wt)

15
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Since each low pass filter will produce a gain of \/Li and a phase shift of =*, the

output of two cascaded low pass filters with the corresponding inputs Vs, and Vg

will be

new =Y/ new 1 : —jm
Vaa™ 4 3Veg™] = 5[Vaa +jVaple ™2
1 3
Vinew = 3% * VinCos(wt — m/2)
1 3
= g*5* VinSin(wt)
new 1 3 N
A S VinSin(wt — w/2)
— [_1]% * g * VinCos(wt)

The normalization in order to get Sinf and C'osé is explained below

new

Cosf = __°F
W (Ve 4 (Vi)
Sinf = Via

\/(V’Sgew)Q + (‘/Sgew)2

2.5.2 PI Controllers

(2.33)

(2.34)
(2.35)

(2.36)

(2.37)

Using the output of PLL, it is possible to convert grid voltages and line currents

from a stationary reference frame to a synchronous reference frame, where all the

quantities appeared as DC. Here, DC bus voltage controller will acts as outer loop

controller and two current (/sq and I,) controllers act as inner controller loops.

Real Power and Reactive Power Controller

In a FEC, real power control is possible by controlling the real part of current I4

and reactive power control is done by controlling I,,. The controller draws current

from the grid based on the load requirement, while keeping the DC bus voltage

at the reference. In the case of reactive power control, by varying I3, variation

16



in reactive power flow from the grid is possible. As mentioned in section 2.5, the
output of the real power controller and reactive power controller will be V7, and

V*

inq Tespectively, which is the reference for modulating signal.

By referring to equation Eq. (2.25) and Eq. (2.26)), rearranging the terms and

removing feed forward terms from the equations,

dlsq(t
‘/ind(t) = —Rflsd<t) — Lf (Zf( ) (238)
dlg,(t
Vialt) = —RylLg(t) — L) (239
Converting Egs. (2.38) and (2.39)) into frequency domain
‘/ind = —Rflsd—SLfISd (240)
Vieg = —Ryl, —sL;I,, (2.41)

Where I;4 and I, are the d-axis and g-axis component of current in the frequency
domain respectively. While, V;,,4 and V;,, are the d-axis and g-axis inverter voltage

in frequency domain respectively.

From the equations and [2.41] the plant transfer functions for active and

reactive power controllers are given as

Iy —1

= — 2.42
‘/;an Rf + SLf ( )
Iy —1

= — 2.43
‘/mq Rf + SLf ( )

From the above discussion, the derived controller block diagrams for active and
reactive power controllers are shown in figures and respectively. Where,

K,; is the current controller gain and 7,; is the current controller time constant.

17
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Fig. 2.8 Block diagram for 4 controller

|Sq*® K@+s7,) -1 lgg
"\ ST.. Rf +SLf g

N pI

PI Controller Plant

Fig. 2.9 Block diagram for I,, controller

DC bus voltage controller

DC bus voltage controller is responsible for controlling the DC bus voltage at any
prescribed load conditions. The plant for the DC voltage controller can be derived
as follows.

The current through the DC load (DC current) is

dvdc( )

Idc( ) Cdc dt

(2.44)

Where, Cy. is the capacitance of DC bus capacitor, I4.(t) is the instantaneous DC

current and V.(t) is the instantaneous DC bus voltage. The above equation can

18



be converted into frequency domain as follows
Idc = SCchdc (245)

In the equation (2.45)), 14 represents the DC current in the frequency domain and
Ve represents the DC voltage in the frequency domain. The equation ([2.45) can

be rewritten as

Idc
Vie = 2.46
d SCdC ( )

But, here as explained above DC bus controller acts as outer loop and output
of the controller will be the reference for inner real power controller. From the

equation (2.46)), it is able to obtain the DC bus controller Plant transfer function

1
sCyc”

as

Here, the obtained transfer function is between DC bus voltage (V;.) and DC
current (/g.). But in the case of a FEC controller, this controller acts as outer
loop controller. So the DC voltage controller will generate the reference for 44
controller. So there is a necessity of deriving transfer function of V. with respect

to ]sd-

From the power balance equation following derivation is carried out.

3-ppower = V3« Vi xI_ (2.47)
— Vs Iy (2.48)
= V3xV3x Von * Lpp,

VZDeak Ipeak
V2 V2
= 5 * V;)eak * Ipeak

3.2 2
= (Va5 L) (2.49)

= 3*

19



From Eq.(2.49), I, in terms of I44 can be derived as

2 Vil
I, = = 2.50
¢ 3" VL (2.50)
Idc = K=x Isd (251)

Where K = %gzd, which is the constant relating between ;. and Is;. With the
above information the controller block diagram for DC bus voltage controller is
given in figure[2.10, Where, K. is the voltage controller gain and 7. is the voltage

controller time constant.

VdP ® ch(1+STdc) K qu
' STy, st c

PI Controller Plant

Fig. 2.10 Block diagram for V. controller

2.5.3 Feed-forward Terms and Inverter Gain

As observed in equations (2.25) and (2.26]), there is cross coupling exists between
d-axis and g-axis voltage. To ensure the decoupled control in d-q reference frame,
feed forward terms essq and eys, are subtracted from the outputs of Iy; and I,

controllers respectively. The expressions for efsq and efy, are given below.

€ffd = — sd_WLf[sq (2.52)

€rfq = WLfIsd (253)

While designing the above mentioned controllers, inverter gain(G = ‘%) has
not been considered. The inverter gain can be incorporated after feed-forward

terms are subtracted at the output of the controllers. To limit the starting inrush

20



current, the average pole voltage is required to be close to the supply voltage
through out the start-up process. The average pole voltage of an inverter is de-
termined by V3 and V. Even though in FEC, G is constant during steady state,
it increases from the pre-charged value to the reference value during the starting.
Hence, instead of holding GG constant at its steady state value, it could be varied

dynamically in order to reduce the starting current.

All the controllers with the relevant parameters is shown in figure

_Vsd —C()Lf |Sq
Veer Kae@+575) | N~ s @_’ Kyd+sz)| N\ 1 L -
"\ ” "\¢ —> Vind
STy, 7N\ | ST, /\ G
d
Ve V4 Controller ° T Is¢ Controller
lsg c ; Kil+sz)| N\ 1 )
"\ ;Vinq
STpi /T \ G
Iqu I Controller
ol 1

Fig. 2.11 Controller Structure

2.5.4 PWDM generation

In order to get PWM pulses which goes to the IGBT gate, basically two modulation
schemes have been used. They are sine-triangle PWM and space vector pulse width

modulation (SVPWM). To obtain 3-phase balanced comparing signals, V;*, and

*

ing are transformed into V;; v, and Vi» using Cosf and Sinf

ina’ Vina inc

In the case of sinusoidal PWM (SPWM), the highest average phase voltage
that can be applied is % and in the case of SVPWM is % Hence in the case of
SPWM, the comparing signals will go to the over modulation at the starting, but
in the case of SVPWM this effect is not pronounced. In this project, the half of

middle value of modulating waves at any instant is added to the original 3-phase

modulating signals to generate reference signals equivalent to SVPWM [10]. The
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generation of modulating signal equivalent to space vector from the sinusoidal

reference signals is shown in figure 2.12]

Sinusoidal
Reference
ls tg lg
\% ina Vina_SV*
\Var Vinb_sv'
", Comparator Z LN
V*inc Vinc_SV*
. Gain
Sinusoidal Total Reference Space Vector
Reference Generation Reference

Fig. 2.12 Generation of SVPWM modulating signals from the SPWM modulating
signals

The SVPWM adds zero sequence voltage to the three phase pole voltages. In
3-phase 4-wire system, because of this zero sequence voltage zero sequence current
flows through the neutral wire. Also in back-to-back connected converters zero
sequence current will circulate between the converters due to the presence of zero
sequence voltage. Hence, SVPWM is not suitable for 3-phase 4-wire system and

back-to-back converters.

2.6 Elimination of lower order harmonics from the

line current of a 3-phase 3-wire FEC

In this section a simple control technique to eliminate the lower order harmonics
present in the line current of 3-phase 3-wire FEC has been explained. Lower
order harmonics are present in the grid current due to dead time in the IGBT
module, low switching frequency and low filter inductance size. Moreover grid
current controller only with the L-filter pollutes the line current with lower order
harmonics and the grid current THD become worse in light load conditions. All
the above reasons will allow a low impedance path for 5th harmonic current in the

grid current which increases the line current THD [T1].
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The situation is not that much pronounced in the low voltage converters or
high voltage/high currents converters. So there should be a different scheme apart
from the conventional technique implemented in order to eliminate this lower
order harmonics. The implemented technique has one loop parallel harmonic
compensation structure, which is implemented parallel to the fundamental vector
control loop. This type of implementation does not effect the dynamics of the

original controller loop and also removes further hardware modifications.

2.6.1 Harmonic elimination technique

The basic control structure for nth harmonic elimination is shown in figure 2.13]
The elimination control of each lower order harmonic is done in its own syn-
chronous reference frame, where it behaves like a DC quantity. So PI controllers
are sufficient to make each harmonic’s d-axis component and g-axis component to

Zero.

The transformation from the stationary reference frame to the nth harmonic
reference frame is only possible, if Cosnf and Sinnf are available. These quantities
can be obtained from fundamental unit vectors C'osf and Sinf using trigonometric

expansion formulas. Out put of the nth harmonic Iy , and I, , controllers

will be Vi, ,, and Vi3, respectively. V7, , and Vi, will then transform
into stationary quantities Vi3, ., V7, ,, and V;7. . All these harmonic voltage
references (Vi 1, Vinp ns Vine ») are then added together with the fundamental
reference voltages (V;:,, V5, Vi*.) to generate the resultant voltage references

(Vi

*
ina_net? Vinb_net’

Vo

nc_net

) which are used to generate PWM pulses.

Each step by step procedure for elimination technique are explained in subse-

quent sections.

PLL for nth harmonic

As explained above, in order to transform the quantities from stationary reference
frame to the nth harmonic rotating reference frame information about C'osné and

Sinnf are necessary. Information on Cosf and Sin# are obtained from funda-
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Fig. 2.13 Control structure for nth Harmonic elimination

H

N™ Harmonic Reference
Generation

Cos no
Sin no

mental PLL as explained in section 2.5.1. In this project 5th (ie n = 5) harmonic

content is eliminated from the actual grid current. The derivation of C'os50 and

Sinbl from the Cosf and Sinf are explained below.

Cos20
Sin26
Cos30
Sin30
Cosb0
Sinbl

2C0s%0 — 1

2516Cosb

Co0s20C0s0 — Sin20Sind
Sin20Cos0 + Cos20Sinb
C0s30C 0520 — Sin3605in20
Sin30C0s20 + Co0s30Sin20

Harmonic Extraction Process

(2.54)

(2.55)

Since harmonic elimination controllers are implemented in nth harmonic reference

frame, there is a need for harmonic current/voltage extraction from the actual

current /voltage. This process of extraction is explained in figure [2.14}

The algorithm basically consists of two cascaded stages. In the first stage, ac-
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Fig. 2.14 Harmonic Extraction Algorithm

tual signal is transformed into fundamental reference frame using low pass filters.
From the fundamental reference frame which will again convert back to stationary
reference frame, but in this case the stationary signal only contains the fundamen-
tal component. Then this fundamental component is subtracted from the actual
signal to get the only the harmonic components. Second stage involves the re-
quired nth harmonic extraction in the nth harmonic d-q reference frame using nth
harmonic PLL and low pass filters. This algorithm ensures that the fundamental

ripples are eliminated from the harmonic reference frame.

2.7 Three-phase Four-wire FEC

3-phase 4-wire FEC is necessary in the case of domestic applications and single
phase load. For this supply neutral should be connected to converter which ensures

earth fault protection. |12} [13]

The neutral connection mainly done in two ways. One is supply neutral wire
could be connected to the mid-point of the DC bus and another option is to have
an additional leg in the converter and to connect the supply neutral to the mid-
point of this additional leg. [I4 [I5]. In this project supply neutral has been
connected to the mid-point of the DC bus as shown in figure 2.15

So far controlling and modeling concerned, the basic structure of controller

and modeling will remain same as in 3-phase 3-wire FEC. Additional modeling
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Fig. 2.15 3-phase 4-wire FEC

and control techniques should be implemented in 3-phase 4-wire FEC compared
to 3-phase 3-wire FEC in order to take care of common mode current, which will
flow through the neutral wire. The detailed modeling and controller design for

3-phase 4-wire FEC are explained in subsequent sections.

2.7.1 Modeling and control of 3-phase 4-wire FEC

The main challenge in modeling of 3-phase 4-wire FEC is taking care of common
mode (zero sequence) current, which flows through the neutral wire. The converter
in the figure can be regarded as three independent single-phase half-bridge
FEC (see figure [2.16{a)) sharing common DC bus [16].

(1-Dx)lsx
0
1 Ve
(1-Dx)Ts
S1x
Ts
() x=a,b,c (b

Fig. 2.16 xth phase half bridge FEC
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In three phase four wire system instantaneous line current consists of a differ-
ential mode current and common mode current. In this case the xth phase current

can be written as given below.

where icy = W (2.57)

Where i, is the instantaneous current at xth phase, icys is the common mode
current and 7,4 is the differential mode current.

The common mode current icy, is same in three phases. The inductors offer
inductance Ly for both common mode and differential mode currents, because

there is no mutual coupling between the inductors.

Reasons for common mode current

From the circuit [2.16{a), it is clear that common mode current can flow through
the neutral wire, if there is a mismatch in the voltages of two DC capacitors
(Vaer # Vae2) at the steady state. This mismatch in voltage arises due to various

reasons such as|17; [I§]

e Small offsets in the input current measurement

e Offsets in the reference current and measured input voltage

Small mismatch in the two DC capacitors Cy,.

Shunt resistance associated with Cy.

Difference in initial voltage of two DC capacitors

Elimination of common mode current

In this project the elimination of zero sequence (common mode) component has
been implemented with a PI controller. Since PI controllers can eliminate lower
order harmonics from the system, it is sufficient for the elimination of zero se-
quence component. The additional neutral current controller along with the basic

controller is shown in figure
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Fig. 2.17 Controller block diagram for 3-¢ 4-wire FEC

The controller additionally making neutral current to zero using a PI controller
along with the other basic controllers of the 3-phase 3-wire FEC. The reference
for the PI controller is zero and the feed back should be sensed from neutral
current. The output of the PI controller will be divided by three and then added
to the each 3-phase reference, which generated using basic controller loops. The
above controller make sure that there is no voltage difference between the two DC

capacitors and thereby neutral current is zero.

The plant for the PI controller can be derived with the help of figure 2.18|a)
and [2.1§|(b). Figure [2.18|(a) shows the zero-axis electrical circuit of 3-phase 4-wire
FEC, where Vg is the zero sequence component present in the grid voltage, I is
the zero sequence component in the line current, 31,9 = I is the current flows
through neutral wire and (V. — Vo) is the difference between the voltage of two
DC capacitors Cye.

Figure 2.1§|(b) shows the simplified circuit of the zero-axis circuit, where Ry /3 =
R, is the effective resistance in the zero-axis path and L;/3 = L., is the effective
inductance in the zero-axis path. From Figure 2.18|(b), the transfer function be-
tween common mode voltage Vi, and neutral current Iy can be derived as shown

below.

Vem 1
_ = — 2.58
IN Req + SLeq ( )
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Fig. 2.18 (a)Zero-axis circuit of 3-phase 4-wire FEC(b)Equivalent zero-axis circuit
of 3-¢ 4-wire

With the above discussion the derived controller block diagram for neutral
current controller is given in figure[2.19] where K, is the neutral current controller

gain and 7,, is the neutral current controller time constant.

Y

ln @ Kon(L+57,7) -1 I,
' STpn Req +Skeg

Pl Controller Plant

Fig. 2.19 (a)Neutral current controller for a 3-phase 4-wire FEC

2.7.2 Switching frequency distortions in line and neutral

current

The switching frequency distortions in the line and neutral currents of a four wire
FEC causes EMI, power loss and device stress [19; 20]. So over all distortions
in the line currents and neutral currents must be reduced. The distortions in a

two-level, 3-phase 4-wire FEC with sine-triangle PWM is shown in figure [2.20a).
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The instantaneous pole voltage vy, shown in figure [2.20[a) can be divided into
average value Vj,, and a switching frequency ripple ¥;,,. The ripple voltage ;.

causes ripple current i, in xth phase as shown in figure M(a).

The ripple current 7, at any phase z is zero both at the start and the end of
switching cycle Ts. Figure [2.20(a) qualitatively shows the variations of line and
neutral current ripples over the switching cycle Ts. From the figure [2.20((a), it can

be interpreted that the distortions in the neutral current ¢y is much higher than

line current ripples (iq, 1y, ic) as iy = —(iq + 1o + ic).
1 Ts a1
mg ; o) Lg Vina(om)
a(DM
—— G005 A~
my Ve -
i Ld Vinb(DM)
mp Ib(DM) ,Uzr‘r Q
0 +\J
N L Vi
Ving 0.5V i oom) d I/n_C(\DM)
0 l | /500 A
1 [ | +\J
Vinp| 05Ve 0.5V 0
| | —
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|
~ [ -05Vq -
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Fig. 2.20 (a)Line and neutral current distortions with SPWM(b)Differential mode
ripple equivalent circuit(c)Common mode ripple equivalent circuit
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Analysis of line and neutral current distortions

As discussed above difference in DC capacitors voltage causes common mode cur-
rent through neutral. Besides this unbalance in the pole voltage causes switching
frequency current in the neutral wire. The unbalance in the pole voltage , that
is common mode component in the pole voltage is given in Eq.. Therefore

switching ripple in xth phase can be written as a combination of differential mode

switching ripple (Vinz(pary) and common mode switching ripple (Vi,car))as given

in Eq.(2.60).

) ‘Z’na + ‘Zn + ‘Z’nc
Vineny = 3 ’ (2.59)

The ripple voltages ‘Zm(DM) and ‘;;'n(CM) causes ripple currents %j(DM) and
i(onry in the zth phase line. This is shown in figure (b) and (c) respectively.
Where Em( par) is the differential mode current in zth phase and E(C ) 1s the common
mode current in the system. The expression for common mode current %(CM) is
given in Eq.. Similar to pole voltage, ripple current in the xth phase can
be written as a combination of differential mode switching ripple current (Ew( DM))
and common mode switching ripple current (%(CM)) as given in Eq.(2.62). This

common mode ripple current causes common mode switching distortion in the

neutral wire as shown Eq.(2.63)).

. lo+1p+1

iomy = Th (2.61)
iz = la(oa) + lcm (2.62)
in = —3icm (2.63)

Elimination of neutral current distortions

From the above discussion it is clear that neutral current distortions is happening

because of unbalance in the pole voltage ripple (‘Zn(CM))- The ripple voltage

Vinz(oamy and (Vipoary) depend on a number of factors such as system frequency,

switching frequency and PWM scheme. As basic controller for the 3-phase 4-wire
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FEC is same as that of 3-phase 3-wire FEC, nothing can be done to eliminate

Vin(cmy- So the only possibility is to reduce the neutral current distortions.

From the figure (c), it is clear that E(CM) not only depend on magnitude of
the f/mv(c ) but also the impedance offered by three common mode inductance. In
the case of three single phase inductors inductance offered by L will be same for

both common mode current and differential mode current, that is L, = Lg = Ly.

Also from figure [2.20b), it is clear that differential mode current in zth phase
Ex( par), does not flows through the neutral wire. Thus the figure M(b) represents
the current in a 3-phase 3-wire FEC and figure 2.20]c) represents the additional
common mode equivalent circuit in the case of a 3-phase 4-wire system. So the
basic controller for both 3-phase 3-wire FEC and 3-phase 4-wire FEC will be same
as long as there is no changes in the equivalent circuit shown in figure [2.20b).
Therefore an additional change in the equivalent circuit shown in figure [2.20{c)

does not effect the main controller part.

So an additional modifications should be done in the figure [2.20)¢c) in order to
reduce the common mode current distortions. One such possibility is to have an
additional inductance (L,,) in the neutral path as shown in figure which will
offer additional impedance for the common mode switching current and thereby
reducing the switching distortions from the neutral wire. Thus without affecting

the main controller reduction in neutral current distortions is possible.

L

\Y% L -1
= R { 153, " Ving AT~ Cde
sb R Lf | Rdc
f sb Vi
——> inb
O—— NI
Vsc R L Isc .
A ——= Vine = Cde

R

Fig. 2.21 3-phase 4-wire FEC with additional inductance (L.,) in the neutral wire
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2.8 Conclusion

This chapter discussed the concept of vector control and modeled FEC in syn-
chronous reference frame. PLL has been used in the modeling and controller in
order to synchronize with the grid. The complete derivation and block diagram
of all the controllers are discussed. The difference in control strategy of 3-phase
3-wire FEC and 3-phase 4-wire FEC has been taken care off. Discussed the tech-
nique for elimination of lower order harmonics from the line current of a FEC with

relevant equations.
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CHAPTER 3

HARDWARE ORGANISATION AND CONTROL
IMPLEMENTATION OF FEC

3.1 Introduction

In this chapter, the features about TMS320F28335, 32-bit floating point Digi-
tal Signal Controller from Texas Instruments and the brief overview about the
hardware organization that help in implementing vector control of FEC will be
explained. The additional circuitry developed for proper interfacing and protec-
tion will also be discussed. The chapter also explains about the controller design
and implementation for the vector control of FEC. The design is done following a

per unit system with defined base quantities.

3.2 Brief Overview of the TMS320F28335

TMS320F28335 has a 32-bit DSP core with modified Harvard architecture, and
also includes a single precision IEEE754 floating point unit. It has both C/C++
engine, enabling users to develop to write system control software in a high level
language. The memory bus architecture of TMS320F28335 contains a program
read bus, a data read bus and a data write bus. This device has real-time JTAG,
which supports real-time debugging along with the Code Composer Studio(CCS)
from TI. The memory space contains independent sections of flash-memory, single
access RAM (SRAM), onetime programmable memory (OTP) and boot ROM. The
Boot ROM is factory-programmed memory space with boot-loading software. An
XINTF zone is a region in the TMS320F28335 memory map that can be directly
connected to the external interface. The device has an on-chip oscillator with a
PLL for clock scaling. It also has 88 GPIO pins multiplexed with a variety of
other peripherals like PWM [2I] and ADC [22]. The controller also has standard



communications interface like 12C' and CAN. 96 external interrupts are supported

[23], which are governed by the Peripheral Interrupt Expansion (PIE) unit.

In this project, a generic control platform based on TMS320F28335 Digital
Signal Controller (DSC) which is developed in the lab has been used for the vector
control of FEC

3.3 Current and Voltage Sensing

The feedbacks required for vector control of FEC are the phase voltages, line
currents and the DC bus voltage. Current and voltage sensor cards based on Hall
effect sensors are used to obtain these signals. Apart from providing feedbacks,
these signals are also used for providing protection to the inverter against possible
overcurrent and overvoltages. In this project, the LA100P sensor has been used
for current sensing and the LV25P sensor for sensing the DC bus voltage. The
burden resistors are selected so as to get an output voltage of 5V, corresponding

to 100A for the current sensor and 1000V for the voltage sensor.

3.4 Three Phase Inverter Module

A three phase 2-level Voltage Source Inverter(VSI) from Semikron is used in this
project for obtaining DC bus voltage from the grid source [24]. The inverter uses
1200V, 100A IGBT modules as the power switches with each module forming one
leg of the inverter. The inverter has a front end diode bridge rectifier for energising
the DC bus from an input three phase supply. A pre-charging circuit consisting
of resistors in parallel with relays, is connected in series with each line to prevent
large inrush currents into the capacitor during energising. The rectifier and the
modules are mounted on the heat sink and connected to the DC bus capacitor by
conducting sheets. Three Gate driver cards are mounted on the module for giving

proper isolation and gate drive for the IGBT gate terminals.

Apart from the basic inverter module, a Protection and delay card has been

used for proper interfacing and protection. This will be discussed in the following
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subsection.

3.4.1 Protection and Delay Card

The function of the Protection and Delay(PD) card is to provide protection against
faults and also to generate complementary signals with proper rising edge delay.
The three top switch PWM signals from the DSP are level shifted and fed to
the PD card. It generates the complementary signals with proper delay using
RC circuits and logic gates. These are then given to the gate driver inputs of the
inverter module. The outputs of the Hall sensors are also connected to the PD card
where they are buffered and fed to high speed opamp comparators. The protection
references to the comparators can be set using potentiometers. The output of the
comparators indicate fault conditions and are fed to an RS latch using a wired
AND logic. The PD card has provision to provide protection for six sensed currents
and two DC bus voltages. Also the circuitry for generating delayed complementary
signals can be completely disabled by setting the jumpers provided. In this case,
the delay has to be generated in software using the deadband module and all
the six PWMs can then be directly fed from the DSP. LEDs provided on board
are used for fault annunciation. The PD card also has provisions to transmit
and receive the PWMs in either differential or single ended fashion by setting
appropriate jumpers. It also controls the relays of the pre-charging circuit thereby

protecting the capacitors from large inrush currents.

3.5 Three Phase Line Side Filter and Common
Mode Filter

The line side filters are used for the smoothing the line current from the switching
ripples. In this project, three single-phase inductors are used as the line side filter.

The ratings of single phase inductor are given in Table

In the case of a 3-phase 4-wire FEC, a common mode filter is necessary in

addition to the 3-phase line side filter, in order to reduce the switching frequency
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Table 3.1 Ratings of a single phase inductor

Parameter Value
Value 2.5mH
Maximum peak voltage 800V
Maximum peak current 35A
RMS current 15A
Fundamental current frequency | 50Hz
Switching current frequency bkHz

distortions in the line and neutral current. In this project an additional single
phase inductor is used as the common mode filter, the ratings of common inductor

are given in Table [3.2]

Table 3.2 Ratings of common mode inductor

Parameter Value
Value 4mH
Maximum peak voltage 440V
Maximum peak current 10A
RMS current TA
Fundamental current frequency | 50Hz
Switching current frequency okHz

3.6 Soft Start-up for FEC

The various theoretical methods for the soft start-up of a FEC are discussed
in chapter 2, such as different PWM scheme and dynamic variation of inverter
gain. In this section the actions that needs to be taken care during the hardware
implementation of both 3-phase 3-wire and 3-phase 4-wire FEC in order to ensure

a soft start-up are discussed.

One of the critical precautions of a FEC is that the grid should not be short
circuited at any time of the operation, even during the start-up also. All the pro-
cedures for soft start-up is explained after pre-charging the DC bus and before
the controller starts. The procedure for pre-charging the DC bus with three phase
diode bridge rectifier is explained before.

There is a modification in pre-charging of 3-phase 4-wire FEC from the 3-phase

3-wire FEC in order to avoid high starting current during the starting of pre-
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charging. In the case of 3-phase 4-wire FEC, the neutral wire from the supply
should not be connected to the mid point of the DC bus before pre-charging.
That is there should a manual switch between the neutral point of the supply and
mid point of the DC bus, and the switch should be closed only after DC bus get
pre-charged.

The sequence for the soft start-up after pre-charging are explained below.

Step 1:

One of the precaution is that never use hardware delay for the complementary
signals, which is generated by PD card and use only the software delay generated
by deadband module of the DSP board. This is because in the hardware delay
independent control of six PWM signals is not possible, that is top switch and
bottom switch in a leg of the inverter can’t be ON or OFF simultaneously, where
this will be always complementary to each other. But in the case of software delay,
top switch and bottom switch in a leg can be OFF simultaneously using the Trip
zone module of the DSP.

So in the case of hardware delay, at the starting of FEC at least two among three
of the top switches in the inverter will be ON even before the controllers gener-
ating the appropriate PWM pulses, which will cause short circuit in the grid at
the starting and thereby high staring current. Since in the software delay, all the
six switches can be kept OFF till the controllers generating the appropriate PWM
pulses, so there is no short circuit in the grid at the starting thereby reduction in
starting current.

Hence software delay should be used instead of hardware delay in order to avoid
short circuit in the grid and thereby reduction in the starting current at the start-
ing of a FEC.

Step 2:

Since the implemented PLL has two low pass filters, there is certain dynamics and
settling time associated with the output of PLL. So the PLL output should be
settled before the controller starts, in order to get the correct unit vectors from
the starting itself. Because unit vectors without the appropriate values can cause
high starting current.

So the DSP software code for the PLL must be settled before the controller starts.

This can be done in open loop as the PLL does not require any feed back infor-
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mation from the controller, it will take only the grid voltages as its input and it
will output the position information of the grid voltage.

Step 3:

Once the PLL output is settled, then the controller can start. In this project, the
starting of controller is done through a feed back signal from the PD card, where
feed back signal is taken from the output of ON/OFF switch of the PD card. This
feedback signal will go to one of the GPIO of the DSP board, and if the ON/OF
switch is ON controller will start and if it is OFF the controller loop won’t run.
But in this case there could be problem with noise, which is picked up from the
path between PD card and DSP board. Because of this noise, it can happen that
even if the ON/OFF switch is not ON, the noise can make the ON/OFF switch
output voltage equal to the voltage when its in ON position and vice verse. So
there should be an input qualifier at the GPIO of the DSP, to determine whether
it is a noise or actual signal in order to make sure that the controller starts only

based on the ON/OFF switch position.

3.7 Hardware Setup

The vector control for the FEC are implemented on 10KVA laboratory type. Some
of the photographs of the FEC setup and the various additional circuitry built for
interfacing will be presented in this section.

Figure[3.1]shows the over all view of the FEC hardware set-up, it contains Semikron
IGBT module, line side inductors, pre-charge circuit, PD card, digital oscilloscope,

voltage and current sensors and the DC power supply for the PD card and sensors.
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Fig. 3.1 Inverter and control hardware

Figure [3.2] shows the DSP board, which is used for the digital controller im-
plementation of FEC. The DSP board has TMS320F28335 based DSC, an analog
interface, Digital to Analog Converter(DAC), JTAG debugger and communication

interfaces.

Fig. 3.2 The DSP board which is developed in the lab

The picture shown in left of the figure [3.3] is the pre-charge circuit, which used
to charge the DC bus without high inrush current. The picture shown in right of
the figure [3.3]is the PD card, which provide protection against faults and also to

generate complementary signals with deadband.
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Fig. 3.3 Pre-charge Circuit (left) and PD card(right)

The picture shown in left of the figure is the inductors used as the line side
filters and picture shown in right of the figure [3.4] is the inductor used as the

common mode filter.

Fig. 3.4 Line side inductors (left) and Common mode inductor(right)

3.8 The Per Unit System

In this work, a Per Unit(pu) system has been followed for implementing the con-

trol algorithms. This makes the digital implementation easy as all quantities are
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brought to the same range of values in pu. Thus the controller can use a common
number format for performing the computations. For per unitisation of quantities,
base values are required which are chosen as per convenience. Table gives the

base values chosen for the different quantities.

Table 3.3 PU base quantities

Voltage(V,) | 800 V
Current(I,) 12.5A
Frequency(f,) | 50Hz

3.9 Design of Controllers

The vector control of 3-phase 3-wire FEC uses PI controller for controlling V.,
I, and I, In addition to the basic controllers, elimination of 5tk harmonic
component from the line current of FEC requires two additional controllers, they
are I,q 5 and I 5.

In the case of 3-phase 4-wire FEC, there should be an additional neutral current

(1,,) controller apart from the basic controllers of 3-phase 3-wire FEC.

The PI controllers used in vector control are provided with output limiters and
integrator antiwindup. Output limiters ensure that the currents and voltages of
the FEC are within rated limits at all times. The integrator antiwindup disables
the integral action when the output of the controller reaches its limit value. This
helps in making the controller faster.

The notations that are used in each controller design are given below

Table 3.4 PI controller notations

K, | Proportional gain
k; Integral gain
Ujae | Max. output limit
Unin | Min. output limit

The controller parameters obtained for the 10 kVA 3-phase 3-wire and 3-phase

4-wire FEC are given in Table. designvalues.
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Table 3.5 Controller parameters

Controller | K,(pu) | Ki(pu) | Upaa(pu) | Uspin(pu)
Ve 19.52 0.00125 | 0.6 -0.6

| 0.1221 | 4*10~° | 1.225 -1.225
I, 0.1221 | 4*10™° | 0.175 -0.175
Tt 5 0.0122 | 4¥10° | 0.1225 | -0.1225
Iy 5 0.0122 | 4*10~° | 0.0175 -0.0175
1, 0.1221 | 4*10~° | 0.525 -0.525

3.10 Conclusion

This chapter outlined the features of the TMS320F28335 that are used in imple-
menting the vector control algorithms. The additional hardware used for sensing
the voltages and currents and interfacing between the various circuits are also
discussed. The chapter also presented the controller design values for the vector

control of FEC using per unitisation technique.
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Three phase voltages

CHAPTER 4

RESULTS AND INFERENCES

4.1 Introduction

In this chapter the simulation and experimental results pertaining to this project
will be discussed. The experimental and simulation results corresponding to PLL,

3-phase 3-wire FEC and 3-phase 4-wire FEC are included in this chapter.

4.2 Simulation Results

4.2.1 PLL Results

The three phase grid voltages are shown in figure [£.I, where a-phase voltage is

leading b-phase voltage and c-phase voltage is leading a-phase voltage.

I

T|me (s)

Fig. 4.1 Simulation result: a(red), b(green) and c(blue) phase voltages(Scale: X-
azis: 0.02 s/div, Y-axis: 0.2 pu/div or 160 V/div)



As explained before, these three phase voltages V., Vi, Vi are converted into V,

and V3, which are given in figure 4.2}

§AAAAAAAAAA-

Time (s)

Fig. 4.2 Simulation result: Vi, (blue) and Vig(green)(Scale: X-azis: 0.02 s/div,
Y-azis: 0.2 pu/div) or 160 V/div

The outputs of first low pass filter and second low pass filter with input as V,
and Vg are given in figure and respectively. Here, the output magnitude
is decreasing by v/2 and a phase shift of 45° from the input as it passing through
each low pass filters, also there is a finite settling time associated with each low

pass filter as seen from figures [£.3] and
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Fig. 4.3 Simulation result: Vi, (blue) and Vig(green) after passing through first low
pass filter (Scale: X-azis: 0.02 s/div, Y-axis: 0.1 pu/div or 80 V/div)

Time (s)

Fig. 4.4 Simulation result: Vi, (blue) and Vig(green) after passing through second
low pass filter (Scale: X-azis: 0.02 s/div, Y-azis: 0.1 pu/div or 80V /div)

After normalizing the output of low pass filters, C'osf and Sinf can be obtained
as shown in figure [4.6] The initial time for settling is due to the delay produced
by low pass filters.
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Fig. 4.5 Simulation result: Cosf(blue) and Sinf(green) (Scale: X-azis: 0.02
s/dw, Y-azis: 0.2 pu/div)

In figure[4.7] it can be observed that the PLL output Cosf and the grid voltage

Vs are in phase.
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0.5 :
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o
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (s)

Fig. 4.6 Simulation result: Cosf(green) and Vi, (blue) (Scale: X-azis: 0.02 s/div,
Y-azxis: 0.25 pu/div)
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4.2.2 3-phase 3-wire FEC results

The important wave forms of the 3-phase 3-wire FEC are given below.

The charging of DC bus from the initial pre-charged value (through diode bridge
rectifier) to the voltage reference value (800V) is shown in figure [4.7] Here note

that controller action starts after 0.1s of simulation.

1.05

0.95

0.9

DC bus voltage (pu)

0.8

0.75

0.7 ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Fig. 4.7 Stmulation result: DC bus charging from the initial pre-charged value to
the reference voltage (Scale: X-azis: 0.1 s/div, Y-axis: 0.05 pu/div or 40

V/div)

The three phase line currents I,,, I, and I,. before staring controller, that is three

phase currents through a three phase diode bridge rectifier is shown in figure 4.8|

48



Isa (pu)

Isb (pu)

=
=
:
:
5

I I I I I I I I I
"0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Fig. 4.8 Simulation result: Three phase line currents Iy, (blue), Ig(green) and
I.(red) through diode bridge rectifier (Scale: X-axis: 0.01 s/div, Y-awis:
0.1 pu/div or 1.25 A/div)

The three phase line currents I, Iy and I,. at the starting of a 3-phase 3-wire
FEC is shown in figure [£.9) Soft start-up for a 3-phase 3-wire FEC is achieved

because of reduced starting inrush current.

Isa (pu)

Isb (pu)

Isc (pu)

1 I I
0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
Time (s)

Fig. 4.9 Simulation result: Three phase line currents I,,(blue), Ig(green) and
I (red) at the starting of 3-phase 3-wire FEC (Scale: X-awis: 0.02 s/div,
Y-axis: 0.2 pu/div 2.5 A/div)

The three phase line currents I,,, I, and I, at the steady state of a 1 kVA 3-phase
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3-wire FEC is shown in figure [4.10

0.23 0.24 0.25 0.26 0.27 0.28 0.29 0.3
Time (s)

Fig. 4.10 Simulation result: Three phase line currents I, (blue), 4 (green) and
I (red) at the steady state of 3-phase 3-wire FEC (Scale: X-azis: 0.02
s/div, Y-azxis: 0.2 pu/div or 2.5 A/div)

The d-axis component of current /,4 following the reference I7, is shown in figure
From figure it can be observed that both 4 and I, are DC in nature

and contains switching frequency components.

1.2

0.8

0.6

Current (pu)

0.4
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 4.11 Simulation result: Isq (red) and I?, (green) of a 3-phase 3-wire FEC
(Scale: X-axis: 0.1 s/div, Y-azis: 0.2 pu/div or 2.5 A/div)

The g-axis component of current I, following the reference I, is shown in fig-
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ure From figure it can be observed that both I, is DC in nature
but contains switching frequency components while [, is DC in nature without
any switching frequency components. Also in the figure [£.12) the grid delivers the
power at unity power factor, since the reactive component of current is drawn

from the grid is zero( I3, = 0)

0.6

Current (pu)

—0.8l! I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Fig. 4.12 Simulation result: I, (red) and I}, (green) of a 3-phase 3-wire FEC
(Scale: X-axis: 0.1 s/div, Y-azis: 0.2 pu/div or 2.5 A/div)

As explained in chapter 2, the reactive power flow from grid can be controlled

through I, controller. That is by varying the I} , it is possible to draw power

sq?
from the grid at different power factor. The real time variation in line current I,
with respect to change in I3, is shown in figure a), where I7, is increased from

zero to 2pu and then decreased to zero and again decreased to —2pu. The change

in the I7, is shown in figure (b)
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Fig. 4.13 Simulation result: The variation in line current I, (a) with respect to
change in I}, (b) -Scale: X-azis: 0.04 s/div, Y-axis: 1 pu/div or 12.5
A/div

The real time variation in the current /s, with respect to change in I3, is shown
in figure where I3 is increased from zero to 2pu and then decreased to zero

and again decreased to —2pu.
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Current (pu)

-2. : I i
8.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Time (s)

Fig. 4.14 Simulation result: Variation in I, (red) with respect to change in I3,
(green) of a 3-phase 3-wire FEC (Scale: X-azis: 0.05 s/div, Y-azis: 0.5
pu/div or 6.25 A/div)

The line current Iy, and phase voltage V,, at 10kW (full load) load is shown in

figure 4.15. Here the grid delivers power at unity power factor.
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Fig. 4.15 Simulation result: Phase voltage Vi, (red -Scale: X-axis: 0.02 s/div, Y-
azis: 400 V/div) and line current I, (green -Scale: X-axis: 0.02 s/div,
Y-axis: 6.25 A/div) of a 3-phase 3-wire FEC at 10kW (full load) load

The line current I, and phase voltage Vi, at I o = 2puis shown in figure 4.16.

Here the grid delivers power at leading power factor.
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Fig. 4.16 Simulation result: Phase voltage Vi, (red -Scale: X-axis: 0.02 s/div, Y-
azis: 400 V/div) and line current I, (green -Scale: X-axis: 0.02 s/div,
Y-axis: 6.25 A/div) of a 3-phase 3-wire FEC at I}, = 2pu

The line current Iy, and phase voltage Vi, at I, = —2pu is shown in figure 4.17.

Here the grid delivers power at lagging power factor.
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Fig. 4.17 Simulation result: Phase voltage Vi, (red -Scale: X-axis: 0.02 s/div, Y-
azis: 400 V/div) and line current I, (green -Scale: X-axis: 0.02 s/div,
Y-axis: 6.25 A/div) of a 3-phase 3-wire FEC at I}, = —2pu

As explained before, the SPWM modulation technique will cause over modula-
tion during the starting and thereby high inrush current compared to SVPWM
technique. Figure 4.18(a) shows the a-phase current and figure 4.18(b) shows the
a-phase modulating signal at the starting of 3-phase 3-wire FEC using SPWM
modulation scheme. Figure 4.18(b) shows that a-phase modulating signal is going
to the over modulation at the staring, and thereby high starting current as shown

in figure 4.18(a).
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Fig. 4.18 Simulation result: Line current Iy, (red -Scale: X-axis: 0.02 s/div, Y-
axis: 10 A/div) and a-phase modulating signal (green -Scale: X-azis:
0.02 s/div, Y-axis: 0.5 pu/div) at the starting of a 3-phase 3-wire FEC
using SPWM scheme

Figure 4.19(a) shows the a-phase current and figure 4.19(b) shows the a-phase
modulating signal at the starting of 3-phase 3-wire FEC using SVPWM modula-
tion scheme. Figure 4.19(b) shows that a-phase modulating signal is not going to
the over modulation at the staring, and thereby low starting current as shown in
figure 4.19(a). By comparing figure 4.18(a) and figure 4.19(a), it can be concluded
that string current of a FEC is less using SVPWM scheme compared to the use
of SPWM modulation scheme.
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Fig. 4.19 Simulation result: Line current Iy, (red -Scale: X-axis: 0.02 s/div, Y-
axis: 5§ A/div) and a-phase modulating signal (green -Scale: X-axis:
0.02 s/div, Y-azis: 0.5 pu/div) at the starting of a 3-phase 3-wire FEC
using SVPWM scheme

4.2.3 Elimination of lower order harmonic component from

the line current of a 3-phase 3-wire FEC

The elimination of lower order harmonic component from the line current of a
3-phase 3-wire FEC is carried out with a 10kW DC load. The important results
of elimination of 5¢h order harmonic components are given below.

The steady state line current [, without eliminating harmonic components is

shown in figure [4.20]
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Fig. 4.20 Simulation result: The steady state line current I, (Scale: X-azis: 0.02
s/div, Y-azis: 5 A/div)

The harmonic spectrum of the steady state line current I, without eliminating
harmonic components is shown in figure [£.21] The harmonic spectrum shows that

there is a significant amount of 5th harmonic current present in the line current.

Fundamental (50Hz) = 19.35, THD= 0.74%

Mag (% of Fundamental)
o o
—_ )

0.05

q1 012 3 45 6 7 8 9 10 111213 14 15 16 17 18 19 20
Harmonic order

Fig. 4.21 Simulation result: The harmonic spectrum of line current [, without
eliminating harmonic components

The steady state line current I, after eliminating 5thharmonic component is

shown in figure [4.22]
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Fig. 4.22 Simulation result: The steady state line current I, after eliminating
Sthharmonic component (Scale: X-axis: 0.02 s/div, Y-azxis: 5 A/div)

The harmonic spectrum of line current I,, after eliminating 5th harmonic com-
ponent is shown in figure [4.23] The 5th harmonic component is considerably re-
duced from the line current and thereby decrease in THD compared to current

without eliminating harmonic components as shown in figure [4.23]

Fundamental (50Hz) = 19.33 , THD= 0.64%

o
>
T

Mag (% of Fundamental)

4 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Harmonic order

Fig. 4.23 Simulation result: The harmonic spectrum of line current I, after elim-
inating 5th harmonic component

The intermediate results during elimination process of 5th harmonic component

are explained below.

The 5th harmonic PLL, that is Cos50 and Sin56 is shown in figure [£.24] The 5th
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harmonic PLL is derived from fundamental PLL using trigonometric expansions.
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6.1 0.104 0.108 0.112 0.116 0.12 0.124 0.128 0.13
Time (s)

Fig. 4.24 Simulation result: Cos50(blue) and Sin50(green) (Scale: X-axis: 0.004
s/dw, Y-azis: 0.2 pu/div)

The line current I, after extracting all the harmonic components using harmonic
extraction technique is shown in figure [4.25], where it only contains the fundamen-

tal component of current.
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Fig. 4.25 Simulation result: Fundamental component of the line current I, (Scale:

X-azis: 0.02 s/div, Y-azxis: 5 A/div)

The harmonic components of line current [, after extracting the fundamental

component is shown in figure as explained above the harmonic components
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contains a considerable amount of 5th harmonic.

Harmonic components of the line current (A)

I I I I I I I I I
15 151 1.52 1.53 1.54 1.55 1.56 1.57 1.58 1.59 1.6
Time (s)

Fig. 4.26 Simulation result: Harmonic components of the line current I, (Scale:
X-axis: 0.01 s/diwv, Y-azxis: 1 A/div)

The reference (1 ;‘d_5) and feed back (/54 5) for the I,y 5 controller is shown in fig-
ure , where I,q 5 is the 5th harmonic d-axis component of the current vector
in the 5th harmonic synchronous reference frame. The I,4; 5 controller is used for
the elimination of 5tk harmonic d-axis component of the current vector from the
line current.

0.6

0.4~ n

0.2 -

Current (A)

_ | | | | | | | | |
O'80 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Fig. 4.27 Simulation result: I7; , (blue) and I,q 5 (green) (Scale: X-axis: 0.2
s/div, Y-axis: 0.2 A/div)
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The reference (I

Sq75) and feed back (I, 5) for the I, 5 controller is shown in fig-

ure 4.28, where Iy, 5 is the 5th harmonic g-axis component of the current vector
in the 5th harmonic synchronous reference frame. The I,, 5 controller is used for
the elimination of 5th harmonic ¢g-axis component of the current vector from the

line current.
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Fig. 4.28 Simulation result: I

sq b5

s/div, Y-azis: 0.2 A/div)

(blue) and Iy, 5 (green) (Scale: X-axis: 0.5

The three phase reference modulating signals corresponding to 5th harmonic is
shown in figure From figure it can be observed that the modulating
signals are at 5th harmonic frequency (250Hz). These modulating signals were

further added with fundamental reference modulating signals.
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Modulating Signals (5th harmonic)

I I I I I I I I I
5 5.002 5.004 5.006 5.008 5.01 5.012 5.014 5.016 5.018 5.02
Time (s)

Fig. 4.29 Simulation result: Three phase reference modulating signals V%, - (red),

Vi, 5 (green), Vi . (blue) corresponding to 5th harmonic (Scale: X-

i inc_ 5

axis: 0.002 s/diwv, Y-azis: 0.02 pu/div)
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4.2.4 3-phase 4-wire FEC results

As explained in chapter2, the 3-phase 4-wire FEC is implemented with an addi-
tional common mode filter (L.) in the neutral wire in order to reduce the switching
harmonic distortions from the neutral current. In simulation, experiments have
been carried out with and without common mode filter. The relevant wave forms
of the 3-phase 4-wire FEC are given below.

The neutral current without neutral current (7,,) controller and without L. using
SPWM scheme is shown in figure [4.30(a). Figure [4.30[a) shows that there is lower
order harmonics and huge amount of switching ripple current in the neutral wire.
As explained before, the reason for lower order common mode harmonic current is
unbalance in the voltages of DC capacitors, which is shown in figure M(b) It is
important to that in figure m(b) even though there is mismatch in the voltage
of two DC capacitors, addition of both voltage make the total DC bus voltage to
800V, that is DC bus voltage control is perfectly working in the case of 3-phase

4-wire FEC even without neutral current controller.
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Fig. 4.30 Simulation result: (a)Neutral current ( (Scale: X-axis: 0.02 s/div, Y-
axis: 10 A/div)) (b) Two DC capacitor voltages ( (Scale: X-axis: 0.02
s/div, Y-axis: 5 V/div)) without the L. and without I,, controller using
SPWM scheme

The neutral current with neutral current (7,,) controller and without L. using

SPWM scheme is shown in figure [£.31](a). Figure [£.31]a) shows that there is no
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lower order harmonics and huge amount of switching ripple current in the neutral
wire. From figure M(b), it can be observed that there is no mismatch between
the voltages of the two DC capacitors, that is I,, controller perfectly eliminated
the neutral current and thereby the mismatch between capacitor voltages are also

got eliminated.

(CY

Neutral Current (A)
A

_ | | | | |
8.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Time (s)

Capacitor Voltages (V)

1.3 1.4 15 1.6 1.7 1.8 1.9 2 21
Time (s)

Fig. 4.31 Simulation result: (a)Neutral current ( (Scale: X-azis: 0.05 s/div, Y-
azris: 2 A/div)) (b) Two DC capacitor voltages ( (Scale: X-axis: 0.1
s/dw, Y-axis: 1 V/div)) without the L. and with I, controller using
SPWM scheme

The neutral current without neutral current (,,) controller and with L. using
SPWM scheme is shown in figure [4.32(a). Figure [£.32)(a) shows that there is lower
order harmonics and some amount of switching ripple current in the neutral wire.
The switching ripple current reduced compare to figure M(a) is because of the
impedance offered by the common mode inductor. As explained before, the reason
for lower order common mode harmonic current is unbalance in the voltages of
DC capacitors, which is shown in figure m(b) It is important to that in figure
4.32|(b) even though there is mismatch in the voltage of two DC capacitors, ad-
dition of both voltage make the total DC bus voltage to 800V. Also there is a
decrease in the magnitude of the osculations of the capacitor voltages in the figure

4.32(b) compared to figure [4.30|(b), this because of the presence of L.
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Fig. 4.32 Simulation result: (a)Neutral current ( (Scale: X-axis: 0.05 s/div, Y-
azis: 2 A/div)) (b) Two DC capacitor voltages ( (Scale: X-axis: 0.05
s/div, Y-axis: 2.5 V/div)) with the L. and without I,, controller using
SPWM scheme

Capacitor Voltages (V)

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
Time (s)

The neutral current with neutral current (I,,) controller and with L, using
SPWM scheme is shown in figure [£.33|(a). Figure [£.33|(a) shows that there is no
lower order harmonics and less amount of switching ripple current in the neutral
wire. From figure [£.33|(b), it can be observed that there is no mismatch between
the voltages of the two DC capacitors, that is I,, controller perfectly eliminated
the neutral current and thereby the mismatch between capacitor voltages are also
got eliminated. The amount of switching ripple voltage content in the DC bus
capacitors shown in figure [£.33|(b) is less compared to the figure shown in [1.31|(b)

because of the presence of L. in the neutral wire.
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Fig. 4.33 Simulation result: (a)Neutral current ( (Scale: X-axis: 0.05 s/div, Y-
azis: 0.5 A/div)) (b) Two DC capacitor voltages ( (Scale: X-axis: 0.05
s/div, Y-azis: 1 V/div)) with the L. and with [,, controller using SPWM
scheme

4.3 Hardware Results

4.3.1 PLL Results

The three phase balance grid voltages Vi, Vs, Vi are converted into V, and Vg,
which is given in figure

The outputs of first low pass filter and second low pass filter with input as V, and

Vis are given in figure and respectively. Here, the output magnitude is
decreasing by v/2 and phase shift of 45° as it passing through each low pass filters.
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12004 2 200V 33.602 10.00%/ Stop

Fig. 4.34 Hardware result: Vi, (blue) and Vig(violet) (Scale: X-axis: 0.01 s/div,
Y-azis: 0.4 pu/div or 320 V/div)

1200V 20 200 34.00% 10.00%/ Stop

T
L

Fig. 4.35 Hardware result: Vs, (blue) and V,z(violet) after passing through first low
pass filter (Scale: X-axis: 0.01 s/div, Y-azis: 0.4 pu/div or 320 V/div)

After normalizing the output of low pass filters, Cosf and Sinf can be ob-

tained as shown in figure [4.37]
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1200V 2 200/ 34.00z 10.00s/ Stop
v

Fig. 4.36 Hardware result: Vi, (blue) and Viz(violet) after passing through second
low pass filter (Scale: X-axis: 0.01 s/div, Y-axis: 0.4 pu/div or 320
V/div)

1500V 2 hO0V/ 33.60z% 10.002/ Stop
v
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Fig. 4.37 Hardware result: Cosf(blue) and Sinf(violet) (Scale: X-azis: 0.01
s/dw, Y-azis: 1 pu/div)

In figure it can be observed that the PLL output Cosf and the grid

voltage Vi, are in phase.
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Fig. 4.38 Hardware result: Vi, (blue -Scale: X-axis: 0.01 s/div, Y-axis: 0.4 pu/div
or 320 V/div)) and Cosf(violet - Scale: X-azis: 0.01 s/div, Y-axis: 1

pu/div)
4.3.2 3-phase 3-wire FEC results

The important wave forms of 3-phase 3-wire FEC from the hardware are given

below.

The charging of DC bus from the initial pre-charged value (through diode bridge
rectifier) to the voltage reference value (800V) is shown in figure [4.39] It takes
300ms to build up the voltage from the initial pre-charged value (through diode
bridge rectifier) to the voltage reference value (800V) .
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12000 2

-39.802

1.000s/

Stop

Fig. 4.39 Hardware result: DC bus voltage rising from the initial pre-charged value

to 800V (Scale: X-axis: 1 s/div, Y-axis: 200 V/div)

The line current I, along with phase voltage V,, is shown in figure The
figure [4.40] includes I, and V, of a three phase diode bridge rectifier, I, and Vi,
at the starting of a 3-phase 3-wire FEC and steady state Iy, and V, of a 3-phase
3-wire FEC. Soft start-up for a 3-phase 3-wire FEC is achieved because of reduced
starting inrush current. The figure |4.40] also explains that, in the case of 3-phase

3-wire FEC I, and V, are in phase, that is AC grid source delivers power at the

unity power factor.
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Fig. 4.40 Hardware result: Line current Iy, (violet -Scale: X-axis: 0.02 s/div, Y-
axis: 5 A/div) and phase voltage Vi, (brown -Scale: X-azis: 0.02 s/div,

Y-axis: 400 V/div) of a 3-phase 3-wire FEC at the starting
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The steady state line current I, with phase voltage Vi, is shown in figure
Here, I,, and V,, are in phase, that is AC grid source delivers power at the unity

power factor.

1 2 2080 3 a00ws d -3.400% 10.00%/ Stop

Fig. 4.41 Hardware result: Line current I,(violet -Scale: X-azis: 0.01 s/div, Y-
axis: 2 A/div) and phase voltage Vi, (brown -Scale: X-azis: 0.01 s/div,
Y-azis: 100 V/div) of a 3-phase 3-wire FEC at the steady state

The d-axis component of current /g4 following the reference 7, is shown in figure
{.43] From figure [£.43] it can be observed that both I,4 and I}; are DC in nature

and contains switching frequency components.

1200V 2 2.00v/ -360.0% 2.000s/ Stop

s .
i S i e L

Fig. 4.42 Hardware result: Iy (violet) and I, (blue) of a 3-phase 3-wire FEC
-Scale: X-axis: 2 s/di, Y-axis: 0.4 pu/div or 5 A/div)
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The g-axis component of current I, following the reference I3, is shown in fig-
ure (4.43] From figure it can be observed that both I, is DC in nature
but contains switching frequency components while I3, is DC in nature without
any switching frequency components. Also in the figure [£.43| the grid delivers the
power at unity power factor, since the reactive component of current is drawn

from the grid is zero( I3, = 0).

1200V 2 200/ 2.000s 500.0%/ Stop

v Al

I

Fig. 4.43 Hardware result: I (violet) and I7, (blue) of a 3-phase 3-wire FEC
-Scale: X-azis: 0.5 s/div, Y-axis: 0.4 pu/div or 5 A/div)

As explained in chapter 2, the reactive power flow from grid can be controlled
through I, controller. That is by varying the I3, it is possible to draw power
from the grid at different power factor.

The real time variation in line current I, with respect to change in [ o 18 shown in
figure (a), where I3 is increased from zero to 2pu and then decreased to zero

and again decreased to —2pu. The zoomed version of the marked portion shown

in the figure 4.44|a) is shown in figure [4.44|(b).
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Fig. 4.44 Hardware result: Variation in I,, with respect to change in I}, (a)-Scale:
X-azis: 5 s/div, Y-axis: 20 A/div (b)-Scale: X-axis: 0.05 s/div, Y-axis:

20 A /div

The real time variation in the current /s, with respect to change in I3, is shown

in figure @ where I3, is increased from zero to 2pu and then decreased to zero

and again decreased to —2pu.

1 a00vi 2 2.00v 1.700s 0.000s/ stop

______ ‘Il. Al ILl ]

Fig. 4.45 Hardware result: Variation in [, (violet) with respect to change in I3,
(blue)-Scale: X-axis: 5 s/div, Y-axis: 1 pu/div or 12.5 A /div

72



The line current I, and phase voltage Vi, at I3, = 2pu is shown in figure .46]

Here the grid delivers power at leading power factor.

1 210040 3100V 4 -3.4002 10.00%/ Stop

Fig. 4.46 Hardware result: Line current I,(violet -Scale: X-azis: 0.01 s/div, Y-
axis: 1 pu/div or 12.5 A/div) and phase voltage Vy, (blue -Scale: X-axis:
0.01 s/div, Y-axis: 0.4 pu/div or 320 V/div) of a 3-phase 3-wire FEC
at I3, = 2pu

The line current I, and phase voltage Vi, at I}, = —2pu is shown in figure @

Here the grid delivers power at lagging power factor.

1 21008/ 3 1.00v 4 -3.400% 10.00%¢ Stop

Fig. 4.47 Hardware result: Line current Iy, (violet -Scale: X-axis: 0.01 s/div, Y-
axis: 1 pu/div or 12.5 A/div) and phase voltage Vi, (blue -Scale: X-axis:
0.01 s/div, Y-axis: 0.4 pu/div or 320 V/div) of a 3-phase 3-wire FEC
at I, = —2pu
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4.3.3 3-phase 4-wire FEC results

The relevant wave forms of the 3-phase 4-wire FEC are presented in this section.

The charging of DC bus from the initial pre-charged value (through diode bridge
rectifier) to the voltage reference value (800V) is shown in figure [4.48 Tt takes
300ms to build up the voltage from the initial pre-charged value (through diode
bridge rectifier) to the voltage reference value (800V), which is same as that of

3-phase 3-wire FEC.
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Fig. 4.48 Hardware result: DC bus voltage rising from the initial pre-charged value
to 800V (Scale: X-axis: 0.2 s/div, Y-axis: 200 V/div)

The current through the neutral wire of a 3-phase diode bridge rectifier with re-
sistance as load is shown in figure A third harmonic common mode current

is flowing through the neutral wire as shown in figure [£.49]
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1 2 8b&d = 4 800.0% 20.00%/ Stop

Sy

Fig. 4.49 Hardware result: Current through the neutral wire of a 3-phase diode
bridge rectifier (Scale: X-axis: 0.02 s/div, Y-azis: 5 A/div)

The neutral current with SPWM modulation technique, without the neutral
current controller is shown in figure[d.50] The neutral current without neutral cur-
rent controller contains lower order harmonic common mode current and switching

ripple current as shown in figure

1 2 2040 3 4 BO0.0: | 20002/ | Stop

Fig. 4.50 Hardware result: Current through the neutral wire of a 3-phase 4-
wire FEC without the neutral current controller using SPWM technique
(Scale: X-axis: 0.02 s/div, Y-azis: 2 A/div)
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The lower order harmonic common mode current shown in figure can be
eliminated using neutral current controller as shown in figure [£.5I] The neutral
current in a 3-phase 4-wire FEC with the neutral current controller contains only

the switching ripple common mode current as observed in figure [£.51]

1 2 2D0AF 3 4 13.80% 20.00%/ Stop

Fig. 4.51 Hardware result: Current through the neutral wire of a 3-phase 4-wire
FEC with the neutral current controller using SPWM technique (Scale:
X-azis: 0.02 s/dwv, Y-axis: 2 A/div)

As explained before two modulation schemes SPWM and SVPWM are tried with
3-phase 4-wire FEC, but SVPWM modulation technique is not suitable for the
3-phase 4-wire FEC as it will inject third order harmonic current through the
neutral wire. Though an attempt to study the effect of SVPWM technique on a
3-phase 4-wire FEC has been carried out. In this project the half of middle value
of modulating waves at any instant is added to the original 3-phase modulating
signals to generate reference signals equivalent to SVPWM. But for the experi-
mental purpose on 3-phase 4-wire FEC, only a fraction of the half of middle value
of modulating waves at any instant is added to the original 3-phase modulating
signals to generate reference signals equivalent to SVPWM. This is because of the
practical limitation on current carrying capacity of the devices, as the SVPWM
will cause a huge common mode current.

The SVPWM modulation scheme with two different fraction values (0.01 and 0.1)
are experimented on 3-phase 4-wire FEC, where fraction is the multiplication fac-
tor (Vinq) with the half of middle value of modulating waves.

The neutral current with V,,;,4 = 0.01, without the neutral current controller is
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shown in figure But the presence of third harmonic current in the neutral
wire is not that much pronounced (as shown in figure [4.52)) as the value of V4

value is too low.

1 202080 3

=

16.20% 10.00%/ Stop

- _ 4

Fig. 4.52 Hardware result: Current through the neutral wire of a 3-phase 4-wire
FEC without the neutral current controller using SVPWM technique
(Vinia = 0.01) (Scale: X-azis: 0.01 s/div, Y-axis: 2 A/div)

The neutral current with V,,;4 = 0.01, with the neutral current controller is shown

in figure[£.53] Lower order harmonics are eliminated from neutral current as shown

in figure

1 22040 3 4 14.602 20.00%f Stop

Fig. 4.53 Hardware result: Current through the neutral wire of a 3-phase 4-
wire FEC with the neutral current controller using SVPWM technique
(Vinia = 0.01) (Scale: X-azis: 0.01 s/div, Y-axis: 2 A/div)

The neutral current with V,,;4 = 0.1, without the neutral current controller is
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shown in figure In the case of V.4 = 0.1, the presence of third harmonic
current in the neutral wire is much pronounced than in the case of V,,,;4 = 0.01 as

shown in figure [1.54]

1 2 2040 3 4 13.60% 10.002/ Stop

Fig. 4.54 Hardware result: Current through the neutral wire of a 3-phase 4-wire
FEC without the neutral current controller using SVPWM technique
(Vinia = 0.1) (Scale: X-axis: 0.01 s/div, Y-axis: 2 A/div)

The neutral current with V,,;4 = 0.1, with the neutral current controller is shown
in figure In figure [4.55] the neutral current PI controller does not able to
eliminate the third harmonic common mode current and switching ripple common
mode current from the neutral wire, even though it is able to eliminate other
lower order harmonics components of the common mode current. This is because

PI controller can’t make steady state error into zero for high frequency signals.
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1 2 2044 3 4 14.012 20.00%/ Stop

Fig. 4.55 Hardware result: Current through the neutral wire of a 3-phase 4-
wire FEC with the neutral current controller using SVPWM technique
(Vinia = 0.1) (Scale: X-azis: 0.02 s/div, Y-azxis: 2 A/div)

4.4 Conclusion

The results from the simulation and experimental of a 10kVA 3-phase 3-wire and
3-phase 4-wire FEC were presented in this chapter. The experimental results are in
close agreement with the simulated waveforms, thus validating the control design.
The simulation results of elimination of lower order harmonic component from the
line current of FEC were also discussed. The suitability of the TMS320F28335

DSC for high performance front end converter applications is also established.
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CHAPTER 5

CONCLUSION

5.1 Summary of the Present Work

The vector control for 3-phase 3-wire and 3-phase 4-wire FEC was successfully
implemented on a 10 kVA laboratory prototype. The use of DSP board, which
is developed in the lab based on TMS320F28335 DSP facilitated and accelerated
the implementation, where all the signal conditioning circuitry and the core are in
the same board. Vector control of grid connected FEC in synchronous reference
frame has been implemented, and objectives of the control like operation at de-
sired power factor, sinusoidal line current, DC bus voltage regulation were tested.
PLL was also implemented and tested to get the position information about the
grid voltage space vector. In the case of 3-phase 4-wire FEC additional techniques
from the 3-phase 3-wire are implemented, in order to eliminate neutral current and
the switching frequency distortions from the neutral line. The soft start-up, that
is starting of FEC with low starting current is very critical in the implementation
of FEC. Soft start-up of FEC has been achieved using various theoretical meth-
ods and appropriate hardware implementation. The results obtained from the
hardware are also found to be in close with the simulation results .Algorithm for
elimination of lower order harmonics from the line current of FEC is implemented

only in the simulation.

5.2 Future Scope of Work

There remains a good scope of extending this project, important one is the testing
the FEC in the reverse power flow direction. That is DC power from the solar array
can be converted to the AC power, and then feed to the grid. The present FEC can

also be used as one of the converter in the back-to-back system. The implemented



converter can also be used as a replacement for a diode bridge rectifier for a
induction motor drive. In this way the regulation capability of the drive can be
ensured with superior input current quality. In this project the implemented PLL
can’t track the variation in the grid frequency, so there is a scope for modifying
the PLL structure with an ability to track the variation in the grid frequency.
The vector control for FEC can be done in stationary frame as well, where the PI
controllers can’t be used. So by doing vector control in stationary frame, results
of two types of vector control (stationary reference frame, synchronous reference
frame) can be analyzed and choose the best one depending upon the applications.
Also there is a possibility of experimenting different PWM techniques in order to
eliminate the switching frequency distortions in the case of a 3-phase 4-wire FEC

without any other additional hardware set-up.
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