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ABSTRACT

Many researchers have focused widely on suppressing the steady state sinusoidal
tracking error and the total harmonic distortion in grid-connected inverter systems. In
this thesis, a sliding mode control strategy with integral and mutli-resonant
controllers is used to control a single phase voltage source grid connected inverter.
This method leads to a sliding surface where all the states of the system remain on
and sliding until reaching the equilibrium point which is the origin in the steady state.
Integral term for grid current error is added to suppress the magnitude of the error in
grid current but the results show that this term has no effect on the harmonic
distortion of the system especially when an external disturbance is applied to the
system from the grid voltage. So, another term called multi-resonant is added. This
multi-resonant term is able to suppress the magnitude of the disturbance and the total

harmonic distortion in the system.

Simulation results for single-phase grid-connected inverter is shown using Simulink
(matlab 2015) to prove the effectiveness of the proposed control strategy. These
results are compared with the results in [11] where the tracking precision of the grid
current is improved from 0.91% to 0.17% and the THD of the grid current from

0.76% to 0.05%.

Keyword: Voltage source inverter (VSI), LCL filter, Sliding mode control (SMC),
Integral controller, Multi-resonant controller, Grid current tracking error, Total

Harmonic Distortion (THD).
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Birgok arastirmaci, sebekeye bagli evirge¢ sistemlerindeki akimlarin duragan
durumdaki takip hatasim1  ve toplam harmonik bozunumunu azaltmaya
yogunlasmistir. Bu tezde, sebekeye bagli voltaj kaynakli tek faz bir evirgecin
denetimi i¢in integral ve ¢oklu-rezonant denetleyiciler kullanan bir kayan kipli bir
denetim yontem kullanilmistir. Bu yontem, dizge durum degiskenlerinin {izerinde
oldugu ve kayarak, dizgenin duragan durumdaki denge noktasina ulastig1 bir kayma
yiizeyi yaratmaktadir. Denetleyiciye, sebeke akimindaki hatanin biiyiikligiinii
gidermek icin akim hatasini kullanan bir integral terim eklenmistir. Fakat sonuclar bu
terimin, 6zellikle sebeke voltajindan kaynaklanan bir dis bozucu etki uygulandiginda
sistemin harmonik bozunumuna fazla etki etmedigini gdstermektedir. Dolayisiyle,
denetleyiciye ¢oklu-rezonantli bir terim eklenmistir. Bu terim dis bozucunun etkisini

ve akimdaki harmonik bozunumu giderdigi goriilmiistiir.

Sebekeye bagl evirgecin Onerilen denetim yontemi ile ¢alistirilmasinin benzetim
sonuglar1 Simulink (Matlab) kullanilarak elde edilmis, ve yontemin giicii bu yolla
kanitlanmistir. Bu sonuglar, [11] verilenlerle karsilastirilmis, ve bunlara gore takip
etme hatasinda 9%0.91 den %0.17 ye, THD de ise %0.76 dan %0.03 e iyilestirme

saglandig1 goriilmiistiir.

Anahtar sozciikler: Voltaj kaynakli evirgeg, LCL silizgeg, Kayan kipli denetim,
Integral denetim, Coklu-rezonant denetim, Sebeke akimi takip hatasi, Toplam

harmonik bozunum.
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Chapter 1

INTRODUCTION

1.1 Inverter

Power converters are the devices which transfer the AC power into the grid where
the renewable energy sources like solar PV, wind etc. are interfaced to the existing
power supply. This results in the elimination of the transmission and distribution

losses and improves reliability of the power supply [1].

Inverter is an electrical device which converts DC into AC. It can be used for
different power levels such as powering a car radio to that of backing up a building
in case of power outage. DC/AC power converters are mainly used to take DC power
supplied by a battery, such as 12V car battery, at its input and transform it into a
220V AC power source operating at 50Hz as an output [3]. A filter is required
between inverter and the load. It is used to reduce the harmonics of the output current
and plays an important role in the feedback control strategies applied on the inverter
to control the sinusoidal current tracking error and total harmonic distortion [4].
Figure 1 describes a circuit diagram for a DC input source and an inverter with LC

filter supplying sinusoidal AC power to the load.
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Figure 1: Circuit diagram of an inverter with LC filter connected to the load [5].

Inverters can be categorized according to the types of supply [5]:

1. Voltage Source Inverter (VSI) as shown in Figure 2

3-phase

AC Inverter

L

| The capacitor is large

and can be DClink
considered as an — Ilkllput can n‘oft:cll)e
ideal voltage source. short circuited.

Figure 2: Circuit diagram of voltage source inverter with LC filter with load.

2. Current source inverter (CSI) shown in Figure 3

Inverter

| peon |

AC 7| (uncontrolled)

The 1nducto.r islargeand | DClink
can be considered as an ’

ideal current source

3-phase Rectifier / :

Input can not be
open circuited.

Figure 3: Circuit diagram of current source inverter with L filter connected to the
load [5].
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3. Voltage source inverter (VSI) with adjustable DC link
This type of inverters can be used with variable input DC link supply using choppers
as DC/DC converter as shown in Figure 4. The output is a variable square wave
voltage as shown in Figure 5. Also, the frequency of the output voltage can be
variable by changing the frequency of the square wave pulses. The waveform are

simple but poor total harmonic distortion for this method makes it not reliable [6].

DC LINK
-— —e
- —_ e +
- -
[; C ;: l"'ﬂl I”n‘?
| = AV
CHOPPER INVERTER
(Variable DC output) (Switch are turned ON/OFF
with square-wave patterns)

Figure 4: Circuit diagram of voltage source inverter with LC filter connected to the
load with variable DC supply at its input terminal [6].

'f_f:{u__v ________________________ Higher input voltage
~—— Higher frequency
Vier Lower input voltage

Lower frequency

2 - 1

Figure 5: Variable square wave form for the inverter output voltage according to
variable input DC supply [6].

4. Voltage source inverter (VSI) with constant DC link



In this type of inverters, the DC link is kept constant .The output voltage and
frequency can be varied by using PWM technique as shown in Figure 6. This method

has better harmonic distortion but more complex waveform.

INVERTER
. =
+ —
o +
V 1
m . C VC_
(fixed) [\J
. I —
Switch turned ON and OFF
with PWM pattern

Figure 6: Circuit diagram of voltage source inverter with fixed DC supply at its input
terminal [6].

1.1.1 Single Phase Half Bridge Inverter
The capacitors must have the same value. This means that the DC link is equally
divided into two. If the top switch S1 is ON, then the bottom switch must be OFF,

this results in square wave output voltage as shown in Figure 7.

S1 0N
vae| S2 OFF

S|:|._ 2

+ -V,

AY
¥

R,

=2

AY
/1

Vde

S1 OFF
S2 ON

Figure 7: Circuit diagram of single phase half bridge voltage source inverter with
fixed DC supply at its input terminal and the waveform of its output voltage [5].




1.1.2 Single Phase Full Bridge Inverter
This inverter consists of two half-bridge legs as shown in Figure 8 where the

switching in the second leg is delayed by 180 degrees from the first leg.

SLS2ON; S3,.S4 OFF fort,<t<t,

T T3 Yo
-.{: }m -.': }m — ] 1
SI s3\

+ Vo

% AAA
S

Vv VR i ‘
E o —MWW— -
| :
A

T4 2 . g 4 -
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\54 \82 ik 52\
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Figure 8: Circuit diagram of single phase full bridge voltage source inverter with
fixed DC supply at its input terminal and the waveform of its output voltage [5].

1.1.3 Three Phase Inverter

Three phase inverters are used to supply three phase power to a three phase load
either connected in star or delta connection as shown in Figure 9. This types of
inverters consists of three similar legs in which one of the switches in each leg must
be on and the other is off. So, the output voltage depends on the applied input DC
voltage and the status of the switch. We conclude that the output voltage is
independent of the load current [7]. Figure 10 shows a three level output voltage on

phase A.



FT R
Ly

=]

1% J$ |
Wdc
C
Jh Jh b
Figure 9: Circuit diagram of three phase voltage source inverter with fixed DC
supply at its input terminal [7].
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Figure 10: Output voltage waveform of three phase voltage source inverter with
fixed DC supply at its input terminal [6].



1.1.4 Pulse Width Modulation (PWM)

For converters to operate, the switches need to be triggered. Pulse width modulation
is used to trigger the switches of the converter circuits. Triangulation method
(Natural sampling) is used in which the amplitude of the triangular wave (carrier)
and sine wave (modulating) are compared to obtain the PWM waveform as shown in
Figure 11. In the industries, they widely used the digital method to obtain PWM and

it is called regular sampling [8].

Sinusoidal modulating

Carrier, v(f)

Mudul.:!lm. Waveform Carrier waveform

Regular sampling waveform, v, (1)

gnﬂ”ﬂﬂuﬂuﬂu W Toonnan s
TITIToo00C

Regular sampling PWM

E o

Figure 11: Method of operation of PWM technique [10].

1.2 Thesis Contribution

For the voltage source grid connected inverters to act with a high performance, an
inductor-capacitor-inductor (LCL) filter is used to perform attenuation for the
switching noise at a smaller size of filter components as compared with an inductor
(L-type) filter (an LCL-type filter is a more compact option with lower cost and

losses) [2].



Inverter, LCL filter, and a special feedback controller should achieve a pure
sinusoidal grid current with a very low total harmonic distortion, a fast transient

response for sudden load and high efficiency.

The topic of this thesis is to discuss a control method which improves the above
factors such that the inverter’s efficiency is increased. Chapterl gives an introduction
about inverter and its application while chapter 2 gives an overview of a system
represented by input DC source and grid connected voltage source inverter with LCL
filter. In this chapter, we will define the parameters and the terms presented in the
system. Chapter 3 discusses the applied control strategy the sliding mode controller
(SMC) in this system and the determination of the control input in this system.
Chapter 4 shows the performance of the system theoretically in case of sliding mode
controller (SMC) alone and after the addition of the integral controller (IC) and when
we add sliding mode controller (SMC), integral controller (IC) and mutli-resonant
terms controller (MRC) together. Chapter 5 shows the proposed model implemented
using mat-lab Simulink 2015 and the results of the simulations in four case are SMC
lone, (SMC and IC), (SMC and MRC), and (SMC, IC, and MRC). These result are
compared to the work of another paper from IEEE transaction in [11]. Chapter 6 ends

this thesis with a conclusion and the future work.



Chapter 2

GRID CONNECTED INVERTER WITH LCL FILTER

2.1 System Definition

The circuit below describes a system which consists of an input DC source and grid
connected voltage source inverter (VSI) with LCL filter as shown in figure 12. The
LCL filter consists of a capacitor that divides the inductor into L1 and L2 at the
inverter side and grid side. Each inductor has a small resistance (assumed to be

0.01Q) while the resistane of the capacitor is neglected.

Clock To Workspace3 . I
r'.l ' powergui Gotol Scope |—>.

To Workspace2
bwni PWM3 \ .

\ Goto .
— To Workspacet
MosfetlI Mosfet3I . H
= ' To Workspace THD -
B .maney = el
\\ 1 | i)

IVDC

1
rl, L1 1,12

s Y m
Vout : o

| " Voltmeter | To Workspaces
PWM2 l PWM 4 l L. —’. "

To Workspacel
Mosfet3 Mosfet 4 To Workspaced T
~@

| ’ | ’ Goto2

Figure 23: Single phase grid connected VSI with LCL filter



2.1.1 Reference Functions

In every system, the desired results are considered as references. From Figure 12,

equation (1) can be determined by taking the voltage loop in circuit 1 which contains

the inverter output voltage, the capacitor, and the inductor L1 at the inverter

side.Also, equation (2) can be determined by applying a voltage loop in circuit 2

which contains the capacitor, the inductor L2 at the grid side, and the grid voltage.

Equation (3) can be determined by applying KCL rule at the node separating the

filter parameters.

c

Lla %4_ r-1ail = dVdc -V

L2a d_;+ IF2ai2 =V _Vg
dv
Cad—tc—ll—lz

where i,and i, are the inverter output current and the grid current.
v, and v, are the capacitor voltage and the grid voltage.

L,.L,,,and C, are the actual values of the filter inductors.

r, and r,, are the actual resistance values for the filter inductors.

d is the control input of the system.
Then from (1), (2), and (3) we have the following reference functions:
i, =1,sin(wt)

* - x

di .
v, =L, —di +lhly +V,

c e

10

1)

()

(3)

(4)

()



*

i" =i +i, =C, dst i) 6)

- di," di,” dv, ..
=L = LZeCe d_i2+cer29d_i+ced_tg+|2 (7)

where i," is the grid current reference.

*

v, is the voltage capacitor reference.
i, is the output current inverter reference.
L., L, ,and C, are the estimated values of the filter inductors.

r, and r,, are the estimated resistance values for the filter inductors.

2.1.2 Steady State Errors

The errors in the system can be represented by

e =i- il* 8
e, =V, —V, (9)
e, =i, —i, (10)

where e, is the error in the inverter output current.
e, is the error in the capacitor voltage.

e, is the tracking error in the sinusoidal grid current.

2.1.3 Uncertainty Parameters
The values of the parameters of the filter (L1, L2, and C) have uncertainty values

assumed to be 25% from their estimated values. These uncertainty parameters can be

represented by

ALi = Lie - Lia (11)
ALZ = LZe - L2a (12)

11



AC=C,-C, (13)

Ar-l =l — I, (14)
A, =T, —T,, (15)
where AL, AL,, AC, Ar,, and Ar, are the uncertainty values between estimated

and the actual values of the filter parameters.
2.1.4 Control Input

Let the control input of the system to be

d=d,+Ad (16)

do = {Lm % + rleil* +Vc*}vi (17)

dc
where d is the control input of the system, d, is the control input of the system at the

steady state mode, and Ad is the control input of the system before reaching steady

state mode.

2.2 Representing The System In State - Space Model
To represent a given system in state - space model, we should describe the states in
this system.

The states in our system are

e (1)
E=|e(t) (18)
(

& (1)

where the above states describes the error change as function of time in the inverter
output current, the capacitor voltage, and the grid current. We will derive the states

of the system including the parameters of the system as shown below:

12



from( )

L161 +r A —(d0+Ad)VdC—vC

Lla_l Ml = Lie +rle| +Ve +Advdc_v

c

- di,”

Lla hah —Meh = Lle d_i & (t) + Advdc
Lla T Lle Nah rleI =8 ( )+Advd°
Lia d_tl N Lla d_t + Lia d Lie a rla il* + rla il* - rle il*
=—e, (t)+AdV,,

di, di,” di,” *

1AL /L /Ly —Ari,
e MM e T
=—e, (t)+AdV,,

L elit)— Ah%+ & () —Ari =—e, (t)+AdV,,

L6 (6)= AL S8, (0 + AT —e, (1) + QY (19)

Equation (19) describes the change of the error in the output inverter current as

function of the time depending on the parameters of the system

from(2)
di,
L,—= ot +r2a|2 =V, -V,
di, .
L,, " —Z 41,0, =€, (t)+Vv, -V,

di ) di,” -
L,, d—t2+ Faly =€, (1) + Ly, d—i+ Lely +V, =V,

* - *
*

di, . di
b B e
2a dt 2a dt

di . . di
L +L,, d—f[+ Lyaly = Faly +Doal, =8, (1) + L, d—i+ I,

di,”

Ly, € (1) +(Los —Lye ) =2+ 1,08 (1) +i, (I, — 1 ) =8, (t)
dt

L, e.3 (t)=AL, %{—rZae3 (t)+Ani, +e,(t) (20)

13



Equation (19) describes the change of the error in the grid current as function of time

depending on the parameters of the system

from(3)

dv. . .
Cad—t":ll—l2

dav. . .. . [ e s
Cad—t°=|1—|1 +1; —(IZ—IZ +1, )

dv e
C, dtc =e (t)—e(t)+i, —i,

dv dv.” dv e
C, dtc_Ca d': +C, d: =e (t)—e(t)+i, —i,

*

. oo dv)
C.e,(t)=¢(t)—e,(t)+i —i, -C, dtc
. di, 2 d' d di*2 di,” dv
C.e,(t)=¢(t)—e(t)+L,C,—5- e +C,I,, —= it +C,—* dt -C,L,, —2%- 2 CarZed—i—Cad—tgJ
. di,” di,” dv,
C t)=¢e (t)—e,(t C -C +(C,-C +(C,-C
(D=2 (1), (0)+(C,~C)L, S+ (€, -C,)r, v (€, -C)
. di, 2 di,” %

C.e,(t)=¢(t)—e,(t)+ACL, —* i +ACr,, —2+AC

dt dt
di, 2 di,” dv
C.e(t)=¢(t)-e ()+AC( e g2 +1,, di + dtgj

C.e,(t)=¢/(t)—e(t)+AC dtc (21)

Equation (20) describes the change of the error in the capacitor voltage as function of
the parameters of the system.

After organizing equations (19), (20), and (21) in a matrix form we have

E=|e,(t)|=AE+BAd+D (22)

where matrices A, E, B, and D are defined as follows:

14



L

O|._\

" M1a

Ad

Equation (23) represents our system in the state-space model

15
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Chapter 3

SLIDING MODE CONTROL STRATEGY

3.1 Theory Of Operation Of Sliding Mode Controller

Sliding mode control (SMC) is a nonlinear control technique which is characterized
by the accuracy, robustness, tuning and easy implementation. SMC technique forces
the states of the system to reach and remain on a surface which called sliding surface

until reaching equilibrium point or steady state [9].

SMC design involves two steps:
1. Selection of a special or stable sliding surface in which switching is occurred. This
sliding surface can be represented by the switching function o which is a linear

combination of the states of the system [10].

& (t)
o=CE=[c, ¢, G]le,(t)|=ce(t)+ce,(t)+ce(t) (24)

& (1)

where c,, c,, and c, are positive numbers

2. Control law which makes the selected sliding surface or switching surface
attractive and achieve the stability [10]. But SMC suffers from chattering phenomena
corresponds to the vibrations around the sliding surface that causes current
harmonics, electromagnetic interference, and increases the power losses in the
system. In order to suppress the chattering in SMC, Gao et al in [11] presented a

reaching mode in form of equation
16



& =CE =CAE +CBAd +CD = ko —z5gn(o) (25)

Where Kk is a positive number for achieving the stability in the system, ¢ is also a

positive number for accelerating the reaching mode, and sgn(a) is the sign function

for the switching functiono .

Figure 13 can summarizes step 1 and step 2. The black lines are the states of the
system e (t) and e (t) considering that e,(t) value is negligible. The red line
corresponds to the selected sliding surface or switching function o as mentioned in

step 1. The two blue curved lines with arrow corresponds to the reachability mode

that is mentioned in step 2.

es(t)

._"' f e (t)

Figure 13: Theory of operation of sliding mode control

3.1.1 Control Input Determination

Substitute (23) and (24) in (25) we have:

17



Lli (CIAL1 % —ch,e (t)+CAnN —ce, (t)+ clAdVch
1 di,” -

o C,AL, o Gl (t)+C,Ani, +ce,(t)
2a

*

1 dv
Jrc—(cze1 (t)—c,e,(t)+c,AC d':

a

c, Cfr -c, ¢ —C, G, <[ CATr,
g (t)] =2—21 |1e (1) —2+2 |+e,(t)] =2 222 |4, | 22
1( )(Ca Llaj 2( )[ L:La LZaJ 3( )[ Ca L2aj 1[ Lla J
+i1* CAL, |, ;[ GAL +di2* AL, +dvc* c,AC
d( L, ) °\L,  dl L, dt | C,
—C,AdV,,
Ly

j =—ko—¢esgn(o)
(26)

+ko + &sgn (0) =

After organizing equation (24), the control input of the system Ad before reaching

steady state can be determined

Advdc = el [lca:cz_{_ naj+e2 [1_ L13C3J+e3[LlaC2 + Llac3r2aj

1~a Cl L2a Clca Cl L2a
LitAn—i, AL +i) | — DGR || LaGAL 27)
Cll‘:Za ClLZa
+\/.c [—L“C—ch—ﬁka—igsgn (o)
cC C, C,

SMC path starting from a non-zero initial condition develops in two phases which
are:

a) Reaching mode, in which it reaches the sliding surface.

b) Sliding mode, in which the states of the system and the path of reaching sliding
surface stays on the sliding surface and develops according to the dynamic situations
of the system.

Therefore, the control input which is responsible for the trajectories of SMC can be

divided into two parts:

18



d, and d,, are called the linear and non-linear corrective parts of the control input

shown in equation (28) and (29) : correct the deviations from the sliding surface

d., is equivalent part of the control input shown in equation (30) : makes the

EQ
derivative of the sliding surface zero to stay on the sliding surface.

Equation (27) can be divided into three parts

dv, —— ks (28)

1

dy V. = —%gsgn (o) (29)

1

deoV, :el(t)[_Llacz . rlaj+e2 (t)[l_ﬂ}es (t)( LG, | Lla"srza]

Clca Cl 2a Clca Cl L2a

JECY.UAN di, [ L,CAL, . dv, [ Lc,AC
cL,, dt c,L,, dt c,C,

(30)

i A, —%Ag " i;[

We should note that during the implementation of the control input d experimentally,
the uncertainty values shouldn’t be considered because they are variable and their
values are unknown. But in this thesis, we take the uncertainty values to be 25% as

an example so we can notice the grid current error during simulation.

We can see from (28) and (29) that the linear and non-linear parts of control input (
d, andd, ) depend on the switching function o since they are responsible for
reaching mode. Also, from (30) we can see that the equivalent part of control input is

independent of the switching function o since it is responsible for the sliding mode

on sliding surface until reaching equilibrium point at zero.

The total control input of the system can be determined by adding equations (17),

(28), (29), and (30) to get equation (31)
19



dVdC = dOVdC + Advdc = |: Lle % + rleil* +VC*:| +€ (t)[—_ Llacz + rla]

cC
Te, (t)(l— LaCs J Te, (t)( L,C, + L1aCslha ]_ i"Ar, —diALl
¢, cC «¢clL, dt (31)
+i2* _ L:LaC3Ar2 + dI2 _ LlaC3AL2 + ch _ LlaCZAC
cL,, dt clL,, dt c,C,
L ka—ﬁasgn(a)
Cl cl

Defining the constants in equation (31), we get control input of the system in (38)

K, =%sz+rla (32)

K, =1- % (33)
)

g

K, =_% (35)

K, = —% (36)

K, :_Liacf—éc (37)

-k

dVdc = dOVdc +Advdc = |:L1e % + rleil* +Vc*i| + el (t)( Kl)

+e, (1) (K,)+e; (t)(Ky)—i, Ar, —%{ALl

- di,” dv
+i, (K4)+d—f[(K5)+ d; (Ks)
—ﬁka—igsgn(a)

Cl C1
(38)

20



Chapter 4

THE CONTROLLERS OF THE SYSTEM

4.1 The Operated Controllers In The System

In this system, the three different controllers are the sliding mode controller (SMC),
Integral controller (IC), and Multi-resonant controller (MRC). In this chapter,
simulating the steady state response of the grid current error for three different
controllers in four cases have been done. The first case done using SMC lone while
SMC with MRC is the second case. The third case accomplished by using SMC with
integral controller (IC) whereas the fourth case is the addition of all controllers
together (SMC, IC, and MRC). During simulation disturbances are injected to prove
the ability of the system to reject all the applied external disturbances in the system.
The theoretical results in each case are shown in this chapter.

4.1.1 Sliding Mode Controller (SMC)

At steady state:

o =cg (t)+c,e,(t)+ce;(t)=0 (39)

We should find the expressions for e, (t) and e, (t) in terms of e, (t). Then from (2)

and (3) we can express the error in the output inverter current el(t) as function of

grid current reference, grid current error, and the grid voltage.
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A A di,” dij . odvy ..
el(t):|1_|1 =C,—* dt -L.C.—5 di2 rzeCeE C.— dt I,

di,? di dv di,” di,” dv
e(t)=C,L,,—3+C,r,, —2+C,—2L+e L,.C -r,C,—2%2-C,—2
1( ) a 2a dtz a'2a dt a dt ( ) 2e e d T2 2e e dt e dt

di,” di, di,” di, di,” di,”
e (t)=C,L, % " 2 +C,L,, =5 i ‘CaLzad_infC gt +C,I,, —> it +C,r,, —= it

dv di,” di,”
—AC—g L,.C -r,C, —2%
dt () 2e e d2 2e e dt

el(t):CaLZaé;+e3_ACV.g+Car2ae.3+i.2 (L2a a 2e e)+i2.*(Car2a_r C ) (40)

2e e

In the S-domain the error in the output current of the inverter can be expressed as:
E,(5)=C,L,,5°E;(s)+E; (5)—ACsV, (5)+C,1,,SE, (5)
+5°1,(5)(L,.C, — LG, )+, (5)(Cuhya —12eCe )

E,(s)=C,L,,5°E;(s)+E; (5)—ACsV, (5)+C,I,,SE, (5)

+5°1,(s) K, +sl, (s)K,

E.(s)=E, (s)[CaLZas2 +C,r,.S +1] +1, (s)[K7s2 + KBS] ~ACsV, (s) (41)
where

K7 = LZaCa - LZeCe (42)
K8 = CarZa - r-2eCe (43)

Also, from (2) and (3) we can express the error in the capacitor voltage e, (t) as

function of grid current reference and the grid current error.

22



e, (t)=v,-v,
. i

di
e, (t)=L, d—t2+ Fyaly +V, — Ly o Tele Vs

di di,” di,” . L

€, (t) = L2a d_'s_ L2a d_f[+ L2a d_i+ Kal, =l
- di,” -
+hal, — LZe d_i_rZelz

- *

. di -
€, (t) = L2a €31 1,65 +d_i(|-2a - L2e)+ I, (rZa - rZe)

. di,” -
e, (t)=L,, e+r,.e; —d—iAL2 —i, Ar, (44)

In the S-domain:-
E,(5)=E;(s)[sLs + N ]+1, (5)[-ALsS—Ar,] (45)
In the S-domain, equation (39) can be rewritten as follows

o(s)=c,E (s)+C,E,(s)+C;E;(s)=0 (46)

Substitute (41) and (45) in equation (46) we have

S)= +S(K13)+(K14)]+K155Vg(3)
E,(s) [57 (Kg) +5(Kyp ) +(Ky) ]

—
*
—~~
w
~
1
w
N
—~~
N
N
S~

(47)

Equation (47) describes the grid current error in the s-domain in case of SMC alone

where
K9 = clca LZa (48)
KlO = Clca Ha G, L2a (49)

23



K11 =C +Ch, +C

Kis =—CKs +CAL,
K =C,ATr,
K =cAC

We can define the reference grid current and grid voltage in exponential form:-

i, =1,sin(wt)

i . _ I |:ejW0t _efjWOt
2 T T2 -
2]

V, =V, Sin(wot) +v,,, sin(nwt)

V= VyyW, COS (Wt ) +V,, W, COS (nwt )

. ejwot +e—jw0t ejnwot +e—jnw0t
vV, =V W — + VW, —

4.1.2 Addition Of Integral Controller

At steady state

O =C#€ +Ce, +C.6;, + K, (lj% =0
S

where K, is the integral controller gain

In the S-domain, equation (60) can be rewritten as follows

1
7(6)=GE(9)+ 59 +0E () + K, [ 1 £, -0
Substitute (41) and (45) in equation (61) to get equation (62)
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(58)
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_ 1,7(5)[ 8% (Kyp ) +5(Kys ) +(Kyy ) |+ KyssV, (5)
1

() 3K () K

(62)

E,(s)

Equation (62) describes the grid current error in the s-domain in case we have SMC
and IC together.

4.1.3 Addition Of Multi-Resonant Terms

According to the internal model principle in [12], to eliminate the steady state
tracking error for sinusoidal current, there should be a mathematical model which
can generate the required reference input. There should be a sinusoidal internal
model when the system is AC. So, with a high loop gain for specific orders, the
resonant controllers are able to suppress the error in these specific orders.

The resonant terms in this system are:-

Kr{ ° 2} (63)
s%+w,

Equation (63) corresponds to the resonant term acts on the grid current steady state

error at the fundamental frequency trying to eliminate it with a suitable gain Kr

S

Equation (63) corresponds to the resonant terms act on the grid current steady state
error (SSE) at the higher order frequency components starting from the 3" harmonic
order with the purpose of eliminating SSE with a suitable gain Kr.

At steady state the switching function average value is zero. Then we have:
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o(5) = B (9)+ C,E,(9) + C.E;(6) + K, @ EL(5)

(65)
+Kr|—>_|E (s)+Kr§: % _E.(s)=0
s2+w? | ho3 32+(nw0)2 :
We take the harmonic orders in the simulation from n=3 until n=21
Substitute (41) and (45) in equation (65) to get equation (66)
E.(s)= Iz*(s)[sz(K12)+S(K13)+(K14)]+ K58V, () (66)

) 1 S 2 S
s?(Kq)+5(Kyo )+ (Ky ) +K; [S)Jr K{S”WOZ}K:Z;‘LH(WVO)ZH
4.2 Theoretical Results

The theoretical results achieved with the given values for the system parameters in
table 1 using matlab 2015 in case of SMC alone, (SMC and IC), (SMC, IC, and

MRC).

Table 1: The values of the system parameters

Parameters Values
L1 1.2mH
L2 0.4mH
C 50uF
Ve 500V
Vg (r.m.s)/fo 220V/50Hz
12 35A
fs 20KHz/33.33KHz
C1 1
Co 2
C3 40
k 5*10°
8*10*
Ki 10*
Kr 30
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4.2

€3 (Amps)

e3 (Amps)

e3 (Amps)

.1 SMC Alone
<0 Grid current error as function of time in case SMC for c1=1, ¢2=2, and c3=1
T T T T T
60
40
20
0
-20
40
-60
80 I | I | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t (sec)
Figurel4: Grid current error for as cz=1 function of time using SMC alone
Grid current error as function of time in case SMC for c1=1, ¢2=2, and ¢3=30
3 T T T T T T T
3 | I I | I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t (sec)
Figure 15: Grid current error for c3=30 as function of time using SMC alone.
0.4 Grid current error as function of time in case SMC for c1=1, ¢2=2, and c3=40
. T T T T T
0.2
0
-0.2
-0.4 ! : ! ! I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t (sec)

Figure 16: Grid current error for c3=40 as function of time using SMC alone.
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Grid current error as function of time in case SMC for c1=1, ¢2=2, and ¢3=50
T T T T

e3 (Amps)

| | I ! |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

+ Lann)

Figure 17: Grid current error for ¢3=50 as function of time using SMC alone.

In Figures 14 and 15, the steady state error (SSE) in the grid current is unacceptable.
However, for ¢;=1, c,=2 and c3=40 the steady state error (SSE) decreases to reach
0.4A. In Figure 17, the steady state error (SSE) increases to become more than the
previous value which is 0.4A. This proves that the most suitable sliding surface is
occurred when ¢;=1, c,=2 and c3=40. Although, SMC alone cannot eliminate the
SSE. So, addition of the integral controller should eliminate the steady state error in
the grid current.

4.2.2 SMC With IC

02 Grid current error as function of time in case SMC and IC for ¢3=40 and Ki=10>
. T T T T T T

e3 (Amps)

0.2 1 | | 1 | 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

t (sec)
Figure 18: Grid current error for c;=40 and Ki=10° as function of time using SMC
and IC.
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Grid current error as function of time in case SMC and IC for ¢c3=40 and Ki=10*
T T T T

e3 (Amps)

| | | I |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

t (sec)

Figure 19: Grid current error for c;=40 and Ki=10* as function of time using SMC
and IC.

05 Grid current error as function of time in case SMC and IC for Ki=5*10*
. T T T T T

e3 (Amps)
(=)
T
L

205 1 | 1 I | | 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t (sec)

Figure 20: Grid current error for c; =40 and Ki=5*10" as function of time using SMC
and IC.

We conclude that as the integral controller gain increases, the grid current error
decreases until Ki=10* to reach 0.06A. However, Figure 20 proves that there is a
limit for integral controller gain which is not greater than 10* because the SSE in grid
current increases again when we increase IC gain to Ki=5*10%. It is obvious that
addition of the integral controller with sliding mode controller gives the system the

ability to approximately suppressing the sinusoidal tracking error for grid current.
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4.2.3 SMC, IC, And MRC

%107 Grid current error as function of time in case SMC, IC, and MRC for ¢3=40, Ki=104, and Kr=30
T T T T T T T

e3 (Amps)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
t (sec)

Figure 21: Grid current error as function of time in case of SMC, IC, and MRC for
Kr=30 and Ki=10*

We conclude that adding the resonant terms from n=1 until n=21 to SMC and IC
suppresses the grid current error until reach 3*10° A. The reason behind that is the

high loop gain at special order frequencies as stated in [12].
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Chapter 5

THE PROPOSED MODEL AND SIMULATION

5.1 The Proposed Model For The Whole System

The implementation of the model for the whole system with sliding mode controller
(SMC), integral controller (IC), and multi-resonant controller (MRC) using mat-lab

Simulink 2015 is shown in this chapter.

i1 i2
i 'Single Phase Full bridge lnverter*‘r --------- l Al 1
T J_ [ rl, L1 1 r2, L2 |
T Vde > EE c 1 i @ ve
b i ve
[N s MOSFET . Is ! I
“Gate Drive & &
. ] i
PWM - (— >@: Ilref
. et}
d | Linear partdL|, i o O
l - k - e2! | 3]
|Non Linear part dNL| ! i |

------------- < segmaF f

i Integrator
el e2 el =

E..;""“':’e3

/\\
|Equivalent Part deq |

— Kr/(s"2+w"2) | e3

L [Kr/s" 2+ nwh2)

- e3

from n=3 to n=21
Figure 22: Grid current control for single phase inverter with LCL filter using SMC,
IC, and MRC.
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Before introducing the model of the system, Figure 22 can show the control diagram
for single phase VSI with LCL filter under the proposed control strategy. This Figure

gives the reader the ability to understand generally how the model works.

During implementation of the proposed model of the system, each part is designed
alone and implemented in sub-block and defined by its name. After dividing the
proposed model into many sub-blocks, we connect all these sub-blocks together in a
very careful manner to construct the whole controller. We use the measurement
devices available in the Simulink to measure and plot all the required outputs of the

system. After that, the results are simulated.

Each sub-block that represents a specific part of the controller will be shown. But

first of the all, the propose model for the whole system is shown in Figure 23.
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To Workspace

Sine Wave _.
To Workspacel
-
Derivative  L2e,, Veref
1
- =
i Derivativel Ce;

Sine Wavel L2e

Ce wor2 -1

[

Sine Wave2 r2e  (Ce) w0

— i

To Workspace2

3D
Ilref

Figure 24: Reference Functions in the system that are defined in Chapter 2.

Figure 26:

To Workspace
Ilref

Vcref

12ref

To Workspacel

To Workspace?2

Figure 25: Errors in system that are defined in Chapter 2.

r Ll
L a

el

cl

clel+c2e2+c3e3

e3 3
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Switching function of the system that is defined in Chapter 3.




r |

L A

e3 intergral term

Gain Integrator

Figure 27: Integral controller that is defined in Chapter 4.

m .

Zero-Pole

Zero-Polel

r A
€ Zero-Pole2 multi-resonant terms
Zero-Pole3
Zero-Pole4
Figure 28: Five Multi-resonant terms used in the Simulink matlab that are defined in

Chapter 4.

cle1+c2e2+c3e3

integral term

resonant term

Figure 29: Switching function with combination of all controllers include SMC, IC,
and MRC as defined in Chapter 4.
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sigma

P p e

Lla k -1 1/c1 1/Vde dL

Sign (L1a) € 1/Vde) (-1)  (1/el)

To Workspace

—

To Workspacel

—i PP PP e

dN

Figure 30: Linear and non-linear parts of the control input as defined in Chapter 3.
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Figure 31: Control input at steady state as defined in Chapter 2.
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Figure 32: Equivalent part of the control input as defined in Chapter 3.
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Figure 33: Total control input of the system as defined in Chapter 3.
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Figure 34: PWM technique that is responsible for giving pulses to the switches.

5.2 Simulation Results

The simulated results on matlab Simulink 2015 for the grid current error,
current, and reference currents and voltages
,(SMC and IC), and (SMC, IC, and MRC) is shown. During the simulation, we insert
an external disturbances in the system including the change in the value of grid

reference current between 25A and 35A. Also, another disturbance is changing the

in case of SMC, (SMC and MRC)

value of grid voltage within 10% and insertion of 3 and 5™ harmonics into the grid

voltage (V3,=40v and Vsg=20v). The variation in the value of the parameters of the

LC filter is considered 25% from estimated value.

38

grid



5.2.1 SMC Alone

Grid current error as function of time in case SMC with disturbance in the reference current
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Figure 35: Grid current error as function of time in case SMC for ¢3=40 with applied
disturbance by decreasing the grid reference current from 35A to 25A.
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Figure 36: Grid current error as function of time in case SMC with applied
disturbance by decreasing the grid reference current from 35A to 25A after zooming
the previous Figure.
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Figure 37: Grid current and grid voltage as function of time in case SMC with
applied disturbance by decreasing the grid reference current from 35A to 25A.

—_

We conclude that sliding mode controller SMC decreases the magnitude of the grid

current error for ¢;=1, c,=2, and ¢3=40 to 0.5A as shown in Figure 36. In the field of
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disturbance injection and rejection, we decrease 12ref from 35A to 25A after
time=0.14sec as an external disturbance in the system but SMC rejects this
disturbance and the grid current continues its pure sinusoidal wave form as seen in

figure 37 and the system stability survived.

Inverter output voltage as function of time for SMC (c¢3=40

.

0.02 0.025 0.03 0.035
Figure 38: Inverter output voltage as function of time using SMC controller alone.

vout (volt)

t (sec)

The control input in the sytem as function of time
1F T T T T T T T T —

A1k I I I I I | | | -
2 4 6 8 10 12 14 16 18
t (sec) %107

Figure 39: Control input of the system as function of time using SMC.

The inverter output voltage is a square waveform as in Figure 38. The control input
of the system shown in Figure 39 is a sinusoidal waveform with a high switching
frequency. This control input has a variable switching frequency approximately in
range between 20 KHz and 33.33 KHz. This is the main disadvantage of the sliding
mode control because variable switching frequency causes heating and oscillations in

the system. This results in a system with high losses and less stability.
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05 Grid current error as function of time in case SMC with inserting 3rd and 5th harmonics in grid voltage
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Figure 40: Grid current error as function of time in case SMC for ¢3=40 with
inserting 3™ and 5" harmonics in grid voltage at t=0.175sec.

Grid current error as function of time in case of SMC after canceling harmonics and increase vg by 5%
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Figure 41: Grid current error as function of time in case SMC for c3=40 after deleting
harmonics in grid voltage and increase the amplitude of grid voltage by 5% to reach
327volt at t=0.2sec.

We conclude that the Second disturbance which is the injection of the 3™ and 5"
harmonics (V3g=40v and Vs4=20v) into the grid voltage at time =0.175sec is rejected
by the sliding mode controller and the wave forms of the grid current error continue
its normal wave form with slightly small harmonics in its contents as shown in
Figure 40. After that, we suppose changes have occurred in the grid voltage by
deleting the harmonics contents and increasing grid voltage amplitude 5% to reach
327v at time=0.2 sec as shown in Figure 41 but again SMC rejects this disturbance

and the stability of the system survived.
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Grid current error as function of time in case of SMC with decreasing grid voltage by 10% to reach 280volt
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Figure 42: Grid current error as function of time in case SMC for ¢;=40 with
decreasing the grid voltage amplitude by 10% to reach 280volt.

Grid current error as function of time in case of SMC with Vg=280v, V3g=40v, V5g=20v, 2ref=40A
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Figure 43: Grid current error as function of time in case SMC for ¢3=40 with
decreasing grid voltage amplitude by 10% to reach 280volt with inserting 3" and 5™
harmonics in grid voltage and also increase reference grid current from 35A to 40A.

Also, another disturbance is decreasing the amplitude of the grid voltage by 10% to
reach 280v at time=0.213sec as shown in Figure 42 but again SMC rejects this
disturbance and the system stability survived. After that, at time=0.242sec as shown
in figure 43 we insert disturbances with decreasing grid voltage amplitude by 10%
with inserting 3" and 5™ harmonics in grid voltage and also increase reference grid
current from 35A to 40A. But again SMC rejects all these different disturbances that

occurred at the same time and the system stability again survived.
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Grid current and grid voltage as function of time in case SMC for different disturbances in grid voltage and reference current
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Figure 44: Grid current and grid voltage as function of time in case SMC for c;=40
with different disturbances in grid reference current and grid voltage.

Grid current and grid current reference as function of time for different disturbance in vg and I2ref
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Figure 45: Grid current and grid current reference as function of time in case SMC
for c;=40 with difference disturbances in grid voltage and grid current reference.

From figure 44 and 45, we conclude that the SMC rejects all disturbances that can
occur in the grid voltage or grid reference current. We see from figure 44 that grid
current and grid voltage are in phase and from figure 45 we see that grid current

always tracks its reference.

We conclude that SMC can rejects any disturbances in the grid voltage, grid
reference current, and filter parameters but alone it cannot suppress the steady state

error (SSE) in the grid current.
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5.2.2 SMC With MRC

Grid current error as function of time in case SMC and MRC with ¢=40 and Kr=40 with decreasing 12ref to 25A
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Figure 46: Grid current error as function of time in case SMC and MRC for c;=40
and Kr=40 with disturbance for decreasing 12ref from 35A to 25A.

Grid current error as function of time in case SMC and MRC with ¢=40 and Kr=40 with decreasing 12ref to 25A
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Figure 47: Grid current error as function of time in case SMC and MRC for ¢3=40
and Kr=40 after insertion decreasing 12ref from 35A to 25A.

We add MRC with SMC for Kr =40 and we insert disturbance by decreasing I2ref
from 35A to 25A at time t=0.022sec. The system becomes unstable as seen in Figure
46. After zooming Figure 46 to get Figure 47, we notice that for Kr=40 the

magnitude of the grid current error decreases from 0.5A to reach 0.4A.

We conclude that for Kr > 40, the grid current error magnitude decreases. However,
with disturbance MRC cancel the effective behavior of SMC in rejection of the

disturbance and the system becomes unstable.
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05 Grid current error as function of time in case of SMC and MRC for ¢1=1, ¢2=2, and ¢3=40
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Figure 48: Grid current error as function of time in case SMC and MRC for ¢3=40
and Kr=30.

Grid current error as function of time in case of SMC and MRC with decreasing reference grid current 35A to 25A
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Figure 49: Grid current error as function of time in case SMC and MRC with
disturbance for decreasing the grid reference current from 35A to 25A.

We conclude that for Kr< 30, the magnitude of the grid current error decreases from
0.5A to reach 0.48A as seen from Figure 48 which is very small effect but this value
for the gain of MRC, the disturbance for decreasing I12ref to 25A is rejected as shown

in Figure 49 and the system survived and stayed stable.

We conclude that a high value of gain for MRC decreases the grid current error but

makes the system unstable for any external disturbance on the system.
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523 SMC With IC

0.08 Grid current error as function of time in case of SMC with IC for Ki=10*
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Figure 50: Grid current error as function of time in case of SMC and IC for Ki=10*,

Grid current error as function of time in case SMC with IC for Ki=10*
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Figure 51: Grid current error as function of time in case of SMC and IC for Ki=10"
after decreasing I2ref from 35A to 25A.

SMC with IC is very powerful control strategy for decreasing the magnitude of the
grid current error as shown in figure 50 which the grid current error decreases from
0.5A to reach 0.07A. After inserting a disturbance by decreasing I12ref from 35A to

25A, the system becomes unstable as shown in figure 51.

We conclude that integral controller with SMC can’t achieve the stability of the

system with an external disturbance.
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5.2.4 All Controllers (SMC, IC, MRC)

Grid current error as function of time in case of SMC, IC, and MRC with different disturbances in Vg and I2ref
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
t (sec)

Figure 52: Grid current error as function of time in case of SMC, IC, and MRC for
Ki=10* and Kr=30 for different disturbances occurred in grid voltage and grid
reference current.

Grid current error as function time in case of SMC, IC, and MRC before and after decreasing I2ref to 25A
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Figure 53: Grid current error as function of time in case of SMC, IC, and MRC for
Ki=10* and Kr=30 after decreasing I2ref from 35A to 25A.

We combine SMC, IC, and MRC all together to study their effect on the dynamic
behavior of the system. We insert different disturbances in the grid voltage and grid
reference current as shown in Figure 52. SMC and IC couldn’t reject the disturbances
but after adding MRC the system remains stable by rejecting all the applied
disturbances. We conclude that MRC for small gain helped IC to decrease the grid
current error with achieving the stability by rejecting all the applied external
disturbances. Zooming Figure 52 to get Figure 53 which shows how the system

rejects the applied disturbance at time =0.05sec and remained stable.
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Grid current and grid voltage as function of time in case all controllers for different disturbances
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Figure 54: Grid current and grid voltage (scaled by 1/7) as function of time in case of
SMC, IC, and MRC for Ki=10* and Kr=30 for different disturbances occurred in grid
voltage and grid reference current.

Grid current and grid current reference as function of time in case all controllers for different disturbances
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Figure 55: grid current and grid current reference as function of time in case of SMC,
IC, and MRC for Ki=10* and Kr=30 for different disturbances occurred in grid
voltage and grid reference current.

We conclude that the combination of all these controllers give the system the ability
to rejects all disturbances that can occur in the grid voltage or grid reference current.
We see from Figure 54 that grid current and grid voltage are in phase and from

Figure 55 we see that grid current always tracks its reference.
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Total harmonic distortion in grid current as function of time in case of all controllers for different disturbances in grid voltage and reference curre
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Figure 56: Total harmonic distortion in grid current as function of time in case of
SMC, IC, and MRC for Ki=10* and Kr=30 for different disturbances occurred in grid
Voltage and grid reference current.

Figure 56 explains the variations occurred in the total harmonic distortion in the grid
current for different disturbances in the system. %THD of the system is 0.05% which
is approximately negligible and this proves the effectiveness of the applied control
strategy on the total harmonics distortion in the system.

5.3 Comparison Between This Thesis And The IEEE Transaction Paper in [11]

Table 2: Similarities in the parameters of the model used in this thesis and the other
one in the IEEE transaction paper in [11]

IEEE
Parameters Transaction Thesis
Paper in [11]

L1 0.4mH 1.2mH

L2 1.2mH 0.4mH

C 50uF 50uF

VvDC 500V 500V

Vg (r.m.s)/f0 220V/50Hz 220V/50Hz

12 35A 35A

fs 15KHz 20KHz/33.33KHz
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Table 3: Differences in the parameters of the model used in this thesis and the other
one in the IEEE transaction paper in [11]

Parameters IEEE Trgnsactlon Thesis
Paper in [11]

cl 1 1
c2 1 2
c3 1 40
k 2.0833*10* 5*10*
£ 4.1667*10* 8*10*
Ki 103 10*
Kr 20 30

Table 4: Comparison in the magnitude of error and THD in four different controllers
in this thesis and with that in the IEEE transaction paper in [11].

Results
IEEE
Cases Parameters . .
Transaction Thesis
paper in [11]
Magnitude of grid 1.25A 0.5A
current error <e3>
0
SMC /6THD (no 2.12 0.1367
disturbance)
%THD (with
disturbance) Not reported 0.1367
Magnitude of grid Not reported 0.48A
current error <e3>
0
SMC+MRC /6THD (no Not reported 0.13
disturbance)
%THD (with
disturbance) Not reported 0.13
Magnitude of grid 0.65A 0.07A
current error <e3>
0
SMC+IC 6THD (no 1.86 0.092
disturbance)
%THD (with
: N .092
disturbance) ot reported 0.09
Magnitude of grid %1072 0.07A
current error <e3>
0
SMC+IC+MRC THD (no 0.91 0.05
disturbance)
%THD (with
disturbance) 0.91 0.05
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Chapter 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The proposed control strategy in this thesis is the sliding mode controller (SMC) for
a single phase grid connected inverter with LCL filter. SMC is a very powerful
control strategy in rejecting the external disturbances that can suddenly applied on
the system. SMC decreases the grid current error to reach 0.5A, the total harmonic
distortion (THD) in the grid current to 0.1367%, and rejects all the applied
disturbances in the grid voltage and grid current reference. However, SMC alone
couldn’t suppress totally the grid current error. An additional integral term decreases
the grid current error from 0.5A to reach 0.07A but it couldn’t withstand the applied
disturbances in the system. Multi-resonant terms have the ability to achieve the
stability in the system due to the high loop gain at special frequency orders. Adding
MRC to SMC and IC forced the system to withstand any external disturbance in the

grid voltage or grid reference current.

So, the Combinations of SMC, IC, and MRC achieve a system with better dynamic
response, conserve the stability of the system, robust in rejection the applied
disturbances, very small tracking error 0.07A, suppressing the THD in the grid

current to reach 0.05%, and make the system reliable.
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6.2 Future Work

Sliding mode control strategy main drawbacks in this thesis are the zero crossing
disturbances, inverter current reference generation, and the variable switching
frequency. In the future, using a new function other than the sign function that has no
abrupt change during crossing the sliding surface like the hysteresis approach. This
can reduce the zero crossing disturbances. Also, the generation of the inverter output
current reference is hard to achieve without any errors due to the presence of the
second order derivative. Proportional resonant approach can be used in the future to
generate the output inverter current reference without errors. These two additional

future approaches can improve the total dynamic behavior of the system.

The adjusted model will be simulated using Simulink matlab and will be proved

experimentally.

Another future work is to control the variable switching frequency using a new

approach. This new approach will be discussed in a research alone later.
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Appendix A: Mat-lab Code - Steady State Mode

% Steady state Mode

£t=0:0.0001:0.04;
maxLength=1e4;
t (length (t)+1:maxLength)=0;

Ce=50e-6; % estimated value of capacitor filter

Lle=0.4e-3; % estimated value of inductor inverter
side filter

L2e=1.2e-3; % estimated value of inductor grid
side filter

rle=0.01; % estimated value of damping
resistor inverter side filter

r2e=0.01; % estimated value of damping

resistor grid side filter

Ca=Ce-(15/100) *Ce; % actual value of capacitor
filter

Lla=Lle-(15/100) *Lle; % actual value of inductor
inverter side filter

L2a=L2e-(15/100) *L2e; % actual value of inductor
grid side filter

rla=rle-(15/100) *rle; % actual value of damping

resistor inverter side filter

r2a=r2e-(15/100) *r2e;% actual value of damping
resistor grid side filter

dC=Ce-Ca;

dLl=Lle-Lla;

dL2=L2e-L2a;

drl=rle-rla;

dr2=r2e-r2a;

V1lg=311l; V3g=0; V5g=0;

12=35;

£0=50;

w0=2*pi*f0;

al=1;

az2=2;

a3=40;

ki=5e4;

kr=100;

% Reference Grid current
I2ref=(I2/(2*11)) * (exp (11i*w0*t) —exp (-1i*w0*t)) ;

% same length
I2ref (length(I2ref)+1l:maxLength)=0;
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% Reference Grid Voltage Vg

Vgf=(Vlg/ (2*1i)) * (exp (1i*w0*t) —exp (-1i*w0*t)) ;
Vg3h=(V3g/(2*11)) * (exp (11*3*w0*t) —exp (-11i*3*w0*t)) ;
Vgbh=(V5g/ (2*11)) * (exp (11i*5*w0*t) —exp (-1i*5*w0*t) ) ;
% Then dvg

Vg=Vg3h+Vgbh;

$derivatives

dvgf=(V1lg/2) *w0* (exp (1i*w0*t) +texp (-11i*w0*3*t)) ;
dv3gh=(V3g/2) *3*w0* (exp (11*w0*3*t) +exp (-1i*w0*3*t)) ;
dvg5h=(V5g/2) *5*w0* (exp (11*w0*5*t) +exp (-1i*w0*5*t)) ;

% Then dVg
dvg=dv3gh+dvgbh;

%$same length
Vg (length (Vg) +1:maxLength)

=0;
dVg (length (Vg) +1:maxLength) =

0;

% Transfer function
kl=Ca*L2a-Ce*L2e;
k2=Ca*r2a-Ce*r2e;
k3=al*Ca*L2a;
kd=al*Ca*r2a+a2*L2a;
kb=al+a2*r2a+a3;
ko=-al*kl;
k7=-al*k2+a2*dL2;
k8=a2*dr2;

k9=al*dC;

w=[w0 3*w0 5*w0 7*w0 9*w0 11*w0 13*w0 15*w0 17*w0 19*w0
21*w0];
s=tf('s");
for n=1:2:21
R(:,n)=(s/((s) "2+ (n*w0)"2));
end
G=R (1) +R (2)+R(3) +R (4) +R (5) +R (6) +R (7) +R (8) +R (9) +R (10) +R (11) ;

for r=1:11

N(:,r)= 11* (li*w(xr))”"21 + 1.748e09* (li*w(xr))”~19 + 1.15el7*
(1i*w(xr))~17 + 4.085e24 *(1li*w(r))"~15 + 8.543e31*(1li*w(r))"13
+ 1.08e39* (li*w(r))"11l + 8.162e45* (li*w(r))”"9 + 3.519e52
*(li*w(xr))"7 + 7.877e58 *(li*w(r))"5 + 7.5%9e64 *(li*w(r))" 3 +
2.008e70 *(li*w(r));

D(:,r)=(li*w(r))"22 + 1.748e08 *(li*w(r))”~20 + 1.278el6
*(1i*w(r))~18 + 5.106e23 *(li*w(r))"16 + 1.22e31
*(1i*w(r))~14 + 1.8e38*% (li*w(r))~12 + 1.632e45*% (li*w(r))~10
+ 8.798e51* (li*w(r))”8 + 2.626e58* (li*w(r))” 6+ 3.795e64
*(li*w(r)) ™4 + 2.008e70* s”2 + 1.636e75;

end
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1) /D( N(2)/D(2) N(3)/D(3) N(4)/D(4) N(5)/D(5
D(6) N(7)/D(7) N(8)/D(8) N(9)/D(9) N(10)/D(10)
/D(11)1;

o get total harmonic distortion

=((li*w(r))"2*I2ref*k6+k7*1li*w(r)*I2ref+k8*I2ref+k9*1li*w(r
Vg) / (k3* (1i*w(r)) "2+k4*1i*w (r) +k5+ (ki/ (1i*w(r)+kr*T(1))));

i*w(r)) "2*I2ref*k6+k7*1li*w(r) *I2ref+k8*I2ref+k9*1i*w(
k3* (li*w(r)) "2+kd*1i*w(r)+k5+ (ki/ (1i*w(r)+kr*T(2))));

X3h5=((1li*w(r)) "2*I2ref*k6+k7*1i*w(r) *I2ref+k8*I2ref+k9O*11i*w(
r)*Vg) / (k3* (Li*w(r)) "2+k4*1i*w (r) +k5+ (ki/ (Li*w(r)+kr*T(3))));

r=4;
X3h7=((1li*w(xr))"2*I2ref*ko+k7*1li*w(r) *I2ref+k8*I2ref+kO*1i*w(
r)*Vg) / (k3* (li*w(r)) "2+k4*1i*w(r) +k5+ (ki/ (1i*w(r)+kr*T(4))));

r=5;
X3h9=((li*w(r))"2*I2ref*k6+k7*1i*w(r) *I2ref+k8*I2ref+k9o*11i*w(
r) *Vg) / ( k3* (1i*w(r)) "2+k4*1i*w(r)+k5+ (ki/ (1i*w(r)+kr*T(5))));

r=6;
X3hll=((li*w(r))"2*I2ref*k6+k7*1i*w(r) *I2ref+k8*I2ref+k9o*1i*w
(r)*Vg)/(k3*(li*w(r))A2+k4*li*w(r)+k5+(ki/(li*w(r)+kr*T(6))))

’

r=7;
X3h1l3=((1li*w(xr)) "2*I2ref*ko+k7*1i*w(r) *I2ref+k8*I2ref+k9*1i*w
(r) *Vqg) /(k3*(li*w(r))A2+k4*li*w(r)+k5+(ki/(li*w(r)+kr*T(7))))

’

r=8;
X3h1l5=((1li*w(xr))"2*I2ref*ko+k7*1i*w(r) *I2ref+k8*I2ref+k9*1i*w
(r) *Vg) /(k3*(li*w(r))A2+k4*li*w(r)+k5+(ki/(li*w(r)+kr*T(8))))

’

r=9;

X3hl7=((li*w(r))"2*I2ref*k6+k7*1i*w(r) *I2ref+k8*I2ref+k9o*1i*w
(r) *Vqg) /(k3*(li*w(r))A2+k4*li*w(r)+k5+(ki/(li*w(r)+kr*T(9))))
r=10;

X3h1l9=((li*w(r)) "2*I2ref*ko+k7*1i*w(r) *I2ref+k8*I2ref+k9*1i*w
(r)*Vg) / (k3* (1i*w(r)) "2+kd*1i*w (r)+k5+ (ki/ (1i*w(r)+kr*T (10)))
)7
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r=11;
X3h21l=((li*w(r))"2*I2ref*k6+k7*1li*w(r) *I2ref+k8
*I2ref+k9*1i*w(r) *Vg)/ (k3* (1i*w(r)) "2+kd*1i*w(r
) +k5+ (ki/ (1i*w (r) +kr*T(11))));

% magnitude of grid current error at
fundamental frequency

harmonicorder=[1 3 5 7 9 11 13 15 17 19 21];
error=((X31)+ (X3h3)+ (X3h5) +(X3h7) +(X3h9)

+ (X3h11l)+ (X3h1l3)+ (X3h1l5)+ (X3h1l7)+(X3h1l9)+ (X3h21
))

figure;

plot (t,error)
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