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ABSTRACT

Distributed generation networks including micro grids benefit from solar cells that are
controlled by dc-dc converters. In this research a nonlinear discrete-time model for a buck
converter tied to a solar system is derived with unknown internal dynamics. Then, adaptive
neural network (NN) controller is employed to enhance stability of dc-dc converter connected to
grid-tie inverter (GTI) in the presence of power system disturbances. The NN weights are tuned
online by using a novel update law. By using Lyapunov techniques, al signals can be shown to
be uniformly ultimately bounded (UUB). In addition, the interaction of the converter with the
GTI is investigated to assure stability of the entire interconnected system while the GTI is
controlled viaanovel stabilizer similar to power system stabilizer (PSS). The proposed nonlinear
discrete-time converter controller along with the GTI, equipped with PSS, is simulated in Matlab
Simulink environment. The results have highlighted the effectiveness of the proposed modeling

and controller design.



CHAPTER 1
INTRODUCTION

1.1 Introduction

Increasing electricity demands, environmental pollution due to the widespread utilization
of fossil fuels and the limited resources of oil and gas are among the serious concerns in recent
years. Therefore, renewable distributed generation including solar, hydro, biogas, biomass and
wind, has attracted significant attention since it offers a potential solution to these problems.
Among the renewable resources, the photovoltaic (PV) power generation systems are becoming
ubiguitous due to their simple and noiseless operation as well as availability of solar power.
However, the output electric characteristics of the solar cells are highly nonlinear rendering its
power very sensitive to the output voltage [1],[2]. For maximum utilization efficiency, it is
necessary to match the PV generator output voltage to that of the load such that the operating
points of the PV generator and load coincide (preferably at the maximum power point (MPP) of
PV.) Inorder to adjust the operating point of the PV generator, a dc-dc converter isincorporated
to the system as an interface between the solar array and the GTI connecting the solar array to
the power network. As the PV generator and the GTI interact with each other, due to their
inherent non-linearity and lack of inertia, the system is potentially subject to oscillations
resulting from network disturbances [3], etc. These properties have been taken into account in
this research through modeling and control of the dc-dc converter and GTI.
1.2 Research Objective

The power system comprised of synchronous and renewable generators is considered in
this research where GTls are used to interface the renewable energy sources to the grid in order

to control the delivered power.



In this work a nonlinear discrete-time model for a solar-system-connected buck converter
is developed. The control input is the duty cycle, which is a discrete-time variable and is altered
at the beginning of each switching period. Next, adaptive NN controller is utilized to obtain a
stable dc-dc converter.

Next, the renewable generator (RG) is modeled to behave as a synchronous generator
(SG) with similar dynamics where the dc-link capacitor acts as the energy storage similar to the
rotor of a SG. The GTI is equipped with an observer/controller that models the GTI similar to a
synchronous generator, and thus, makes available the utilization of excitation-like damping
controller that aims at stabilizing the inverter dc-link capacitor. Here, the proposed inverter
observer/controller is an improved version of a mechanism proposed by the authors in their past
work [4] that is able to employ a control signal from excitation-like mechanisms in order to
stabilize the GTI dc-link capacitor voltage.

Besides, the dc-dc converter is separately controlled by the proposed adaptive NN
discrete-time controller and decoupled from the GTI in thiswork. The NN controller employs a
novel update law that prevents the NN weight estimates from remaining large after the regulation
error becomes small, as opposed to conventional update laws [5],[6]. The performance of the
nonlinear discrete-time dc-dc converter controller is evaluated in simulation carried out in
Matlab/Simulink environment. The corresponding results have highlighted the effectiveness of
the proposed modeling and controller design in stabilizing PV generator output power as well as
the stability of the inverter dc-link voltage in the presence of the power system disturbances.

1.3 Background and Literature Review
Stability, protection, and operationa restrictions in integration of distributed energy

sources, have been investigated extensively in the literature in both dc-dc and dc-ac parts using
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different levels of simplifications and assumptions for modeling the components of the system
[7]-[20]. Most of these research works have assumed linear models and infinite-bus connection
[3]. The maximum power voltage (MPV)-based approaches have been developed in [2], [7], and
[8] but the dynamics of the dc-dc converter are not taken into account. The works of [9]-[13]
propose a dynamic model of solar dc-dc converter neglecting the converter input voltage
dynamics, which can affect the solar output power. In [14] a dynamica model for a buck
converter is described by the state equations and power system stability analysis has been
introduced using a linearized system model in the presence of the renewable energy sources.
However, this method implies that the states variations are in a small region around the operating
point. For a more accurate description the dc-dc converter is modeled in discrete-time [20],[21].
However, interaction of the inherently nonlinear solar cells with the dc-dc converter is not
investigated.

On the other hand, stability issues of power systems involving GTI controlled by droop
controllers has been the subject of severa studies [15],[16] in which small-signal state-space
modeling and analysis of amicro grid are presented. In [16] the model was analyzed in terms of
the system eigenvalues and their sensitivity to different states where it is shown that the
dominant eigenvalues are caused by the droop controller. In [17]-[19] various dynamical models
of renewable energy sources and the interfacing power electronics are introduced. However, it is
always assumed that the renewable source is connected to an infinite bus, an assumption that is
not valid if the share of renewable energy sources is significant or the power system does not
have large amounts of stored energy. In this research a nonlinear discrete-time model for a buck

converter tied to a solar system is derived with unknown internal dynamics. Then, adaptive



neural network (NN) controller is employed to enhance stability of dc-dc converter connected to

grid-tieinverter (GTI) in the presence of power system disturbances.



CHAPTER 2
GRID-CONNECTED RENEWABLE SYSTEM

2.1 Introduction

In this chapter the solar power generation system is elaborated, which is comprised of
solar panels, adc-dc buck converter, and a GTI interfacing the ac network.
2.2 Solar System Model

Solar power generation system comprised of solar panels, a dc-dc buck converter and a

GTI isdepicted in Figure 1.

Photovoltaic Array 4~ 4 s

i-@
Inverter —I—:I—I—
DC/DC -+ | Load
a\ B

Buck
Converter Voui

Figure 1 Solar power generation system

When a disturbance occurs in the power network the capacitors’ energies deviate from
their normal operating values due to the imbalance caused by the perturbation. If there is no
controller to mitigate the oscillations, the power system will face power oscillations and a
potential instability which prevents the system from returning to its normal operating states. The
disturbance affects the converter and GT1 states as well as power network voltages and angles. In
order to diminish the oscillations and improve the system dynamics, the power electronics
interfaces consisting the dc-dc converter and the GTI need to be controlled through proper
modeling and control designs. In [4], the GTI is modeled as a synchronous generator with an
excitation-like control input. Thus, conventional synchronous generator control methods are

applicable to the GTI connecting renewable generator to the grid.
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2.3 Grid-Tielnverter

A large number of renewable energy systems (especialy in distributed generation power
systems and micro grids) are connected to the main grid through a GTI that is shown in Figure 1.

As opposed to some conventional methods that assume an infinite bus when renewable
sources are considered [17]-[19], here adifferential-algebraic model of the ac and dc components
of a GTI is presented in which the angle of inverter’s output voltage, the capacitor’s stored
energy and the associated controller dynamics will have equivalent dynamical behaviors as those
of a synchronous generator. Thus, all known control strategies for a multi-machine power system
with excitation control such as AVR (automatic voltage regulator), PSS and nonlinear controllers
can be utilized to control the renewable energy sources. This chapter is continued by a brief
introduction to synchronous generator equations and the GTI modeling and control. The detailed
modeling and control characteristics for the dc-dc part are stated in the next chapter.

In the two-axis model [4], synchronous generator dynamical equations are given as

d=w

=

W:M(Pm_Pe)
s L[ X XXy g Ej )
By Tdo( XaE(ﬁ % cos(d —q) +Egy

1( X Xq —Xd

Eq :qu(_xé Eq +TV5in(d —Q)J

Etg= (VR —KeEgq )

mi |

where d isthe error in the rotor angle of the machine, w is the difference between the generator
angular speed and synchronous speed w,, B,, and P, are the mechanical power and active load

of the generator, respectively, M =2H /w,, is the generator inertia, E('] and Ej are generator’s

6



g- and d-axis flux [4], E¢4 isthefield voltage, and V and q are the generator bus voltage and

phase angle, respectively. The generator electrical power can be calculated [4] as

Py =~V (E; sin(d -q) - E} cos(d -q)) @
Xd

where B = xa‘l is the generator transient admittance. The bus voltages and phase angles are

constrained by the nonlinear algebraic power balance equations.
24 Grid-Tielnverter Model/Observer
The differential equation of the capacitor voltage driven by power balance equation in

GTI dc-link (Figure 1) is given by
Qo _p _p (3)

where P, =v;,VBsin(g—q), Vi, denotes the inverter output voltage, P, is the solar power
injected to the capacitor, g is the inverter ac voltage angle with respect to the grid’s slack bus

reference, and V. and q represent the voltage and phase angle of the bus connected to the

inverter with the reactance B (Figure 1.) The input power P is assumed to be provided by a

renewable energy source connected to the dc-link. Inverter gain k;,, and the GTI’s ac voltage

angle g are two control parameters that can be tuned to control the GTI’s voltage and power.

That is, the inverter ac voltage magnitude vi, (afunction of k;,,) and angle g can be atered to

adjust the GTI’s power. Voltage conversion relationship in the inverter is given as

Vin = KinVout - 4
The GTI’s output power can be controlled in response to the extra power stored in the dc-

link capacitor through the control of the GTI’s voltage phase angle; i.e.,
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g=l ©)
where auxiliary variable | isdefined to satisfy

) . 1
Vout Vout =l =— (Ps - Pe) (6)

ut
In other words, angle g is defined as a new state variable that acts in a manner similar to

angle d in the SG; that is, it varies with changes in the capacitor’s stored energy.
Equations (5) and (6) when compared with dynamics (1) suggest that the GTI resemble a

synchronous generator with rotor angle g and rotor speed | that can be calculated as

| = (Vour” _Voutoz)/ 2 (7)
using (6) with v, being the steady-state value of the capacitor voltage. In the RG, capacitance
Cout Plays the role of machine inertia M; that is, its higher size reduces the oscillations and
contributes to an enhanced dynamic stability. In the SG, the output electric power can be
represented in terms of Ea and Ej according to (2). In order to attain similarity to the SG, two
new auxiliary parameters are defined as Eg, and Eg, alowing the inverter output power to be

represented as

1, ,
Pe =7(Eqr sin(g -q) - Ej cos(g -q)) (8)
dr

where parameter x; is a RG design parameter. This power needs to represent the GTI output
power and be equal to
R =VinVBsin(g -q) ©)

i.e., 56 = P,. From (8) and (9) the GTI desired ac voltage v;,, can be written as



v, Ear SN -0) ~Ey coslg —a) (10)
X Bsin(g-q)

which maintains GTI output power. As only a portion of the total delivered power usually
fluctuates in the transients, term Sin(g —q) does not approach zero and thus no excessive V, is
expected from this model.

Finally, according to (4) gain ki, can betuned to adjust the GTI output voltage such that

Ky =0 (11)

Vout
Adjusting gain k;, according to (11) alows the GTI to deliver the power governed by (8).

According to (1), Eq and Ej in SG vary with the excitation voltage E ¢4 . By applying asimilar

relationship anew state variable for RG can be defined, namely Eqg; , as

e _ 1 (_Xdr 1))
r
Taor

Xy Eqr +TV COS(Q—Q)JFEfer (12)

which plays a similar role to Etyq in SG where parameters Xg and Tyor are RG design

parameters and need to be chosen for each RG as opposed to those of SG that are machine

parameters and fixed.
In a RG two-axis-like modeling, Eg can be defined similar to that of the SG which

along with equations (5) through (12) forms the dynamics

|'=—(P,—P.) (13)

E ! (_X?r Eqr +(Xdr ,_Xdr)VCOS(g—q)+Efdrj
Xdr Xdr
9



o LK, Gy g0
Edr_TqOr( X, P+ Xy Vsin(g Q)j

Efar = Ti(VRr —Kgr Efdr)
r

where Xqr and qur are RG design parameters and Vg, is the applied voltage to the RG

imaginary excitation system and can be controlled by any of the known SG control methods.

Through the synthesized states and input Vg,, an AVR-like mechanism, which takes the GTI’s

capacitor voltage error as input, can be applied to the RG. As mentioned before, the inverter gain

(ki) and ac voltage angle (g ) are the control inputs for the GTI and alter its output voltage and

power.
2.5 Renewable Generator Stabilizers

Now the renewable source can be considered as an imaginary synchronous generator and
will behave similarly. Next, conventional control strategies for a synchronous generator system
can be utilized for this system. Among those methods, AVR+PSS is adopted in this research.

The AVR mechanism is depicted in Figure 2 which can be realized for both SGs and RGs

and can incorporate astabilizing signal from aPSS. For GTI, feedbacks from the output power

Reference Terminal
Voltage Voltage
Additional \— 4 Voltage Regulator
Control n
Signal | PSS —> | —> Gy (5)
b4 —K S Vi
1.
1 K ol |- fdri .
< Fri | Filter
\ 1+5Tgy Tpyi . :

Figure 2 Automatic voltage regulator (AVR) applied to SGs and RGs.
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and/or dc-link capacitor voltage provide the PSS with the required stored energy changes and/or

delivered power signals.
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CHAPTER 3
CONVERTER DISCRETE-TIME CONTROLLER

3.1 Introduction

Usualy the maximum power point tracking (MPPT) is desirable for the photovoltaic
system steady-state operation. However, without an appropriate controller maximum power point
can behave unstably when power oscillations occur in the perturbed power system due to a
decrease in generated power when terminal voltage drops as a result of increase in the output
power. Yet, regardless of the operating point, the PV termina voltage can be stabilized and
maintained constant by adjusting the duty cycle of the dc-dc converter through a proper
stabilizing controller during the moments of power fluctuations caused by disturbances.
3.2 Converter Discrete-Time Model

A typical PV generator with the associated dc-dc buck converter is demonstrated in

Figure 3. In order to maintain a constant flow of power to dc-link capacitor C,; considering the

capacitor voltage fluctuations during disturbances, the duty ratio d of the dc-dc converter needs

to be adjusted, dynamically.

. DC/DC Buck Converter
Photovoltaic Array s
5 Leyp Ir P
I SH
in = I i
Ly | VR
+ + L +
o ; G == 1|3 @
Vi —— d vd out —— Vout Inverter &t Lo
_ Cfn _ _ J:I ]_
Vinslin duty ratio '
. 4 ¢ Vin — ! !
MPPTracker ', ‘- > Duty Ratio Vout i
iy in, sel e
‘ : i E """"""" > Conlroller
e

Figure 3 MPPT and dc-dc buck converter control system.
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The set point for capacitor Gy, voltage, namely v;, o is indicated by the MPPT block.
Any instantaneous change in the voltage of the GTI dc-link capacitor Gy, (Vg ) requires the
converter duty ratio d adjustment by the controller in such a way that the capacitor G,, input
power (R,,) remains constant. This task can be accomplished by retaining constant voltage at G,
(Vin) viaduty cycle (d) controller.

In the rest of this section a nonlinear discrete-time model for the solar-system-connected
buck converter is presented assuming a fixed sampling period T. Signa d, the duty cycle, is a
discrete-time control signal and is updated at the beginning of the sampling time. The state
variables are the buck converter input capacitor voltage vi, and the inductance current i

(Figure 3) The state variables values Vj,,(KT) and i (KT), and the output voltage v, (KT) are

sampled at the beginning of the switching period T as shown in Figure 4 where k is the sampling

index.
vz‘n!'fl. 1.
 (k+d)T I
/ j %
I
|
' > 1
kT (k+1)T
Figure 4 Switching cycle.

The buck converter is assumed to operate in continuous-current mode (CCM.) The

photovoltaic array output current i;,(KT) (shown in Figure 3) is a function of solar output

voltage Vi,(KT) in the form of [1]

13



in(KD) =Ny 1 —ngl o (€ €D/ ¥ 1) (14)
where Ny and ng are numbers of the paralel and series arrays forming the PV generator,

respectively, V¢ isthermal voltage, |4 isthe light-generated current and |, denotesthe reverse

saturation current [1].

In order to calculate Vv;,, a t = (k+1)T the solar current i;,, can be approximated by its
value in the beginning of the switching time (i;,,(KT)) and the switch current ig,, can be
estimated by its average value (di| (KT)) during a switching interval. Also, to calculate
iL((k+21T), the solar diode voltage V4 and the output voltage Vv, are approximated by
d Vi, (KT) and Vg (KT), respectively, over the sampling period and are updated at the end of

the period T . Therefore, the system can be described by a set of state-space equations

Vin((k+1T) :;[iin(k-r)_diL(kT)]"'Vin(kT) (15)

L0+ = [V (KT) Yoy (KT +i. (KT (16)

where L and G, are the converter inductance and input capacitor values, respectively, and the

photovoltaic array output current i;,(KT) isanonlinear function of vi,(KT) asgivenin (14).
From now on, the switching time T is removed from time index for ssimplicity; for

instance, Vi, (KT) isshown by v, (K).

3.3 Solar Power Converter Discrete-Time Control Design

The discrete-time model ((15) and (16)) can be controlled by selecting a proper control

input d. Here voltage V;, is controlled whose dynamical equation can be written in the general

form
14



X ((k+DT) = f(x(KT)) + g(x(KT)) uy (17)

where  x(KT) =[x (KT) Xo(kKT)]" =[viy(KT) i (kT)]', u,=d is the control input,

f(X(kT))=CT|iin(kT)Jrvin(kT) and g(x(kT)):éTiL(kT) is the control gain. Note that f and g

in in
are unknown due to degradation of the converter capacitor G, and variation in the solar panel
characteristics. Thus, here an adaptive NN controller is utilized to overcome the unknown
dynamics. Define the tracking error as
Z(KT) = % (KT) — %q (KT). (18)

Assumption 1. The input gain g(X(KT)) is bounded away from zero and is bounded
above in acompact set W . Without loss of generality, we assume that it satisfies
0 < 9min < 9(X(KT)) < Omax - (19)
In W where gqjnand O &€ positive real constants. Next the controller development is
introduced.

In this section, a NN controller that employs the tracking error, NN function
approximation capability, and a novel NN weight estimate tuning scheme is developed. The
stability criterion is then elaborated to show the stability of the tracking error as well as NN
weight estimates.

By using (17) and (18) the tracking error dynamic can be written as

_ F (X(KT)) = X3 (k+1T)
z(k+1)T)=g (x(kT))( 2 (K1) + uj. (20)

The ideal stabilizing control input can be defined as u=u"=uy+K z(KT) where

Ug =—9g(x(KT ))"1( f(X(KT)) —%q (K+DT) ) with x4 ((k + )T) being the future value of the
15



desired trajectory Xqq (KT). This results in asymptotically stable dynamics in terms of the
tracking error z((k+2)T) = K z(kT) with K <1 being a positive design constant. However, in
practical applications uy is unavailable since the internal dynamics f (x(kT)) and control gain
matrix g(X(KT)) are unknown. Thus, we employ NN function approximation property to
approximate Uy as

Ug =-g(X(KT)) ™ F(X(KT)) = X4q (K +DT))=WTr (X, 3 (k+DT)) +e (21)
where W is the target NN weight matrix, r (.) is the activation function and e is the NN

function approximation error. This error can be made small by increasing the number of NN
hidden-layer neurons [22] and is ignored in this work for simplicity. In practice, the target

weights W is not available and only an estimation of the NN weights is available. Thus, uy is

approximated as Uy by usingaNN to get U as
u="0g + Kz(KT) =WTr (x,%q (K +1)T) + Kz(KT) (22)
where W' isthe NN wei ght estimation matrix.

Now define the weight estimation error as W=W-W. By using (22) tracking error (18)

dynamics become

Z((K +T) = £ (X(KT)) = xg (k+DT) + g(KTYMTr + Kz +ug —ug )

= g(x(KTYWTr + Kz). (23)
Next define the NN weight update law as

W ((k +DT) = cW(KT) —cfar z((k +)T) (24)

where ¢ < 1 isapositive design constant. By subtracting the target weights from (24), we have

16



W((k+DT) =cW(KT)—c tar z((k+1)T)-(1-c)W. (25)
The presence of the parameter ¢ <1 in the above update law (24) prevents the NN
weight estimates from remaining large after the regulation error becomes small, as opposed to
conventional update laws[16],[5] where ¢ =1.
3.4 Stability Analysis
In this part we present the stability of the nonlinear discrete-time system (17) and the NN

weights where the tracking error z(KT) and weight estimation error W (KT) are bounded in the
presence of unknown internal dynamics f (x(kT)) and control gain matrix g(x(kT)).

Definition. (Uniform Ultimate Bounded (UUB)). Consider the dynamical system
x(k+1) = f(x) with xe R" being a state vector. Let the initial time step be kq and initial
condition be X, = X(kg) . Then, the equilibrium point X is said to be UUB if there exists a

compact set S R" sothat for al X, € S there exists a bound B and a time step K (B, Xp)

such that [x(k) — Xe|| < B for Vk > ko + K.
Definition. (Lyapunov Stability) Consider a function L(x):R" — R such that
L(0)=0, L(X) >0 (positive definite) and L(x) =%L(X) < 0 (negative definite) ; equality

happens if and only if Xx=0. Then L(X) is caled aLyapunov function candidate and the

system is asymptotically stable in the sense of Lyapunov.
The following theorem guaranties boundedness of the weight estimation errors VV(kT)

and the tracking errors z(KT) . Next the following theorem can be stated.

17



Theorem 1 (NN State Feedback Controller Stability): Consider the nonlinear discrete-
time system given by (17). Let the Assumptions 1 hold and the desired trajectory x;4q and initial
conditions for system (17) be bounded in the compact set W. Let the unknown nonlinearities be
approximated by a NN whose weight update is provided by (24). Then there exist a control gain

K associated with the given control inputs (22) such that the tracking error z(KT) aswell asthe

NN weight estimation error W are UUB.

Proof. Define the overal Lyapunov function candidate L =1L, +L,, Where

2
k - - . :
L, (k) = Zinand LW(k)z;LWT(k)W(k)- Then, the first difference of the Lyapunov

g(x(k-1))

function due to the first term becomes

] :z2(k+1)_ 72(K)

; : (26)
g(x(k))  g(x(k-1))
Substituting the tracking error (23) into (26) and expanding the terms, we obtain
_ 2
DL, = g(K) (W1 (x)+ Kz)2 - 2K (27)

g(k-1)
Next, by using (15), the first difference due to the second term in the overall Lyapunov function

candidate is obtained as
DLy :; H cWK-clar zk+)-(@L-W H e ;VVT(k)W(k)' (9)

Expanding the first difference of the overall Lyapunov function candidate DL = DL, + DLy, by

using (26) and (27) to get

DLy :ai H cW(K) —clar zk+1)-(1-oW H2 - aivT/T(k)vT/(k)
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z%(K)
g(k —1)

DL < g(K)r "WW Tr + g(k)K?z? + 2g(K)W Tr Kz -
+§2v'\7T(k)v'\7 K+ac 2r Tr [g(x(k)) (WTr (x)+Kz)]2
+al(1—c)2 [WZ—2WT (k) r [g(x(k)) (WTr (X )+ Kz)] (29)
+2vT/C(1a_C) W[ +2wT @-c)c [g(x(k))(WTr () + Kz)] - ;vT/T(k)vT/(k).

2

Applying the Cauchy-Schwarz inequality (a1+a2+---+an)2 Sn(a12+a2 +---+an2) and

r TWwr :VVTrrTVV,yiddS

c 1-c)
a

1 2
DL < a—(l—c Plw |~ +

W[ +@-c e W

[2+ g(K) + g; (K)2 + 4(1- ¢ )¢ 1g; (k)2 oo 2R Lo

C ~T ~
eaa e a0 ok a o N

g -4a-c e tg2-4a ¢ 2 P2 T (r r W (). (30)

Thus, (30) becomes

R i = i W
_ 2 PN P 2
e " O Rl
+4a c ||r || g(k) gk-1) a

—(g(k)—4(1—c )c g(k)?-4a ¢ r 2g(k)z) Ir [ WG]

<~ (Cy 22 + CpW(k)|* - Ca) (31)
where
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c (-0

! 1 2 2 — 2 2
o = oW+ S 2w e W [

, 1 2 _ 2 — 2 2 2
C;= _(1+ Imax + Imax~ +4(-C)C lgmax +4a ¢ 2||r||maxgmax )Ki ’

O max

1-c
Cl==——+Cly»
W a rw

and

CI,’W = (gmin _4(1_ C)C_lgmax2 —4a C_Zur Hiwaxgmaxz )Hr Hi\ax

Therefore, DL < 0 in (16) provided the following conditions

7> g—i or M/T(k)>\/g.

(32)

This guaranties the boundedness of the weight estimation errors, W(kT), and shows that the

tracking errors z(KT) are UUB.

Hence the Lyapunov stability analysis shows that the proposed NN controller guarantees

that the closed-loop signals are UUB with the bounds given by (32). In order to guarantee the

UUB results with small bound, the bound C; must be reduced. This can be achieved if the

constant C is selected to be close to one, whereas K and a  are selected to be small positive

constants which, in turn, causes the stability bounds (32) to decrease.
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CHAPTER 4
SIMULATION RESULTS

4.1 Introduction

In order to confirm the theoretical analysis and control design, the solar power generation
system is tested in the Matlab Simulink environment. The solar system shown in Figure 1 is
connected to athree phase [oad.
4.2 System Parameters

The model introduced in chapter 2 is now utilized to design damping controller for the
inverter. An AVR+PSS mechanism is used to control the terminal voltage using the feedback
from the inverter terminal voltage. This mechanism is depicted in Figure 2 which resembles the
AVR in the synchronous generators.

As discussed in chapter 2, E;, controlsthe inverter gain k;,, which is comparable to the
effect of excitation E¢q on E(’]I in the generators. Block G, (9) isa Pl controller and the Filter

block in Figure 2 providing E; hasthe following function that was mentioned in (13)
- 1 33
Efdr:?&Rr_KEr Efdr)' (33)
Er
In addition, other controllers can be incorporated through feedbacks from the output
power or capacitor dc voltage through the “Additional Control Signal” block. Here, the
additional control signal is a PSS-like mechanism that receives feedback from the mentioned
variables.

The inverter gain (k;,) and the angle of inverter voltage (g) are tuned to satisfy

equations (4) and (5) and a PSS is utilized in the renewable generator controller. According to

(13), the size of the capacitor plays the role of moment of inertia (M), and thus, it acts as energy
21



storage. The renewable generator data are given as xg = 0.06, Xy =0.2, X =0.19, Tyo, =7,
Kg =1, Tg, =0.75 and H =w M /2=5p.u. The AVR is defined by Gy, (s)=80/(1+.01s),
Kgr =0.03 and Tr, =10.The speed signal input to the PSS is provided by the state | from the
observer. Also, L=600 mH, G, =C,,;: =1000 nt the operational frequency of the converter is
set to T=10 kHz and the load is a three-phase resistive load with R=6W on each phase in

steady state condition. The solar module is designed to generate its maximum power

P

smpp=1146 W when its voltage is set to v =121V .

in,mpp
The control objective is to damp the converter capacitor voltage error caused by the
disturbance besides maintaining the solar power constant after a disturbance or load change. In

order to evaluate the effectiveness of the controller, the three phase load changes from R=6W
to R=53W on each phase at t=14s. In Figures 5 to 14 the efficiency of the proposed

converter modeling and control is compared with the case in which the converter works with a
constant duty cycle without any control. The PV array can operate under lower or higher voltage
than the MPP voltage. In the results of Figures 5 through 9 the solar voltage is dlightly less than
the MPP voltage, and for Figures 10 through 14 the solar array operates at a higher voltage than
the MPP voltage. In both cases the solar source provides a constant power to the GTI during the
transients by using the proposed dc-dc converter controller.

4.3 Solar Voltage Lessthan MPP Voltage

In this case the solar operating voltage is Vi, o« =116V . After the load change, the

controller adjusts the converter duty cycle during a transient interval, in order to maintain the

converter input voltage at its set point v;, o =116 V (Figure 6) resulting in constant converter
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power (Figure 5); whereas, in the constant duty cycle scenario these values do not remain

constant after the load change and the PV generator will operate at a different operating point.

1140 T T T T T T
e—— . - —
1120 - \ o |
1 ]
\ !
2. 1100} ' -
%) Y {
a ) ;
1080 i\ v m—— \N/ith Controller
e Without Controller
1060 I I I I I I
1 1.2 1.4 1.6 1.8 2 2.2 2.4
time [sl

Figure 5 Converter input power, dashed: without controller, solid: with controller; solar voltage
islessthan MPP voltage.

120 T T T T T T
— M5F " \ .
> \
£ 4 ,
> 110k X K |

e m— \\ith Controller
""" Without Controller
105 | ] | ] | ] | ] | ] | ]
1 1.2 1.4 1.6 1.8 2 2.2 2.4
time [sl

Figure 6 Converter input voltage V;,,, dashed: without controller, solid: with controller; solar
voltage is less than MPP voltage.

105

100

Vout [V]

m—— \N/ith Controller

""" Without Controller
95 I I I I I
1.2 1.4 1.6 1.8 2 2.2 2.4

time [s]
Figure 7 Converter output voltage V,,, , dashed: without controller, solid: with controller; solar
voltage is less than MPP voltage.

Furthermore, the converter output voltage Vs changes with faster transients as shown in
Figure 7. The converter inductor current i, and solar input current i;, are depicted in Figures 8
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and 9, respectively. The fast and accurate operation of the controller shows its effectiveness and

implies that the converter power and input voltage are well retained at their desired set points.

IL [A]

10.5

— \\ith Controller
""" Without Controller T

10
1

1.2

1.4

1.6 1.8 2 2.4

time [s]

Figure 8 Converter inductor current i , dashed: without controller, solid: with controller; Solar

voltage is higher than M PP voltage.

lin [A]

9.9

9.81

9.7

9.6

—— \\ith Controller
T T T Without Controller

1

1.4

1.6 1.8 2 2.4

time [s]

Figure 9 Solar output current i;,,, dashed: without controller, solid: with controller; solar voltage

is higher than MPP voltage.

4.4 Solar Voltage Higher than MPP Voltage

In the second test the solar operating voltage is v, . =131 V. As Figure 10 shows, in

constant duty cycle condition, the load change causes power change, while the controller adjusts

the duty cycle value to the new load condition to maintain the converter power and voltage

constant.

The results imply that the controller mitigates oscillations caused by load change faster

and presents a significantly better transient response than the system without controller.
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Moreover, the proposed controller does not require any data about the new load condition and
adjusts the duty cycle according to the desired input voltage and power; whereas, for the system

without controller the duty cycle value must be estimated accurately based on load awareness.

m— \\ith Controller

1100 | -~ ]
‘."' N T Without Controller
S f
= 1050 K \ -
(2] T v
o ! "
! ) -,
1000 | e ——
1 1.2 1.4 1.6 1.8 2 2.2 2.4
time [s]

Figure 10 Converter input power, dashed: without controller, solid: with controller; solar voltage
is higher than MPP voltage.
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131 -
S 130 4 ; 1
o |
= | N
S 120F L 1
1‘, I e \\/ith Controller
128 NS T Without Controller
127 : : : : : :
1 1.2 1.4 1.6 1.8 2 2.2 2.4
time [s]

Figure 11 Converter input voltage V;,,, dashed: without controller, solid: with controller; solar
voltage is higher than M PP voltage.

100
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96

Vout [V]

%r f— With Controller |
@2 T -~ Without Controller -
1 1.2 1.4 1.6 1.8 2 2.2 2.4

time [s]
Figure 12 Converter output voltage vV, ; dashed: without controller, solid: with controller; solar
voltage is higher than MPP voltage.
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Figure 13 Converter inductor current i, dashed: without controller, solid: with controller; solar

voltage is higher than M PP voltage.
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Figure 14 Solar output current i;,, dashed: without controller, solid: with controller; solar

voltage is higher than MPP voltage.

1.6

4.5 Input Voltage Adjustment to Load Change

When the load experiences a change the controller is expected to adjust the to the new
load level to maintain the constant input voltage for the converter. In order to show the ability of
the controller to automatically adjust to different operating points, the load level has been altered.
Load set to R=5.3W on each branch changes to R=4.6W at t=1.4s, increases to R=6W at
t=1.8, and goes back to R=5.3W at t=2.2s. The results are depicted in Figures 15 to 19 compare
the proposed controller performance with the case in which the duty cycle is constant for each
value of load. The new duty cycle value for each amount of load must be adjusted to maintain
the converter power constant. The results imply that the controller mitigates oscillations caused

by load change faster and presents a significantly better transient response than the system
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without controller. Moreover, the proposed controller does not require any data about the new
load condition and adjusts the duty cycle according to the desired input voltage and power;

whereas, for the system without controller the new duty cycle value must be estimated accurately

based on new |oad awareness.

1150 ~ T T
," Ay . A A
| l-l‘ PR " l‘ \'I ! ‘\I-'I L‘H %, ...
|I I' |L ,' 1
E ]. I’ "u'
— 1100 P -
o Vo
' ! m—— \\/ith Controller
5 - == - ~Without Controller
1050 . f .
1 1.5 2 2.5 3
time [s]

Figure 15 Converter input power adjustment to load change, dashed: without controller, solid:
with controller; solar voltage is higher than MPP voltage.
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Figure 16 Converter input voltage V;,, adjustment to load change, dashed: without controller,
solid: with controller; solar voltage is higher than MPP voltage.
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Figure 17 Converter output voltage Vv, adjustment to load change dashed: without controller,

solid: with controller; solar voltage is higher than MPP voltage.
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Figure 18 Converter inductor current i adjustment to load change, dashed: without controller,
solid: with controller; solar voltage is higher than MPP voltage.

lin [A]

m— \Nith Controller
""" Without Controller |

2 2.5 3
time [s]

Figure 19 Solar output current i;,, adjustment to load change, dashed: without controller, solid:
with controller; solar voltage is higher than MPP voltage.

Overdl, the simulation results show a good control performance provided by the

proposed adaptive NN controller and stability of the interconnected dc grid is verified.
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CHAPTERS
CONCLUSIONSAND FUTURE WORK

5.1 Conclusions

In this research the power system contained synchronous and renewable generators is
investigated. a GTI is used to interface the renewabl e energy source to the grid in order to control
the delivered power. In order to adjust the operating point of the PV generator, a dc-dc converter
is incorporated to the system as an interface between the solar array and the GTI connecting the
solar array to the power network. A nonlinear discrete-time model of a photovoltaic-connected
buck converter and its stabilizing controller design is presented. The interaction of the solar array
dc-dc converter with the GTI is addressed. Simulation results show improved performance and
stability of the proposed converter discrete-time controller over the conventional methods in the
presence of the power system disturbance. The theoretical conjectures and simulation results of
the controller imply that the converter input voltage and power as well as the inductor current are
stabilized desirably at their initial set points, which verifies the accuracy of the converter
discrete-time model and the effectiveness of the proposed discrete-time controller.
5.2 Recommendation of Future Work

The following recommendations are made for possible future research:

e Discrete-time adaptive neura network is arelatively new topic in the power system stability
and control and hence further research can be made to improve its efficiency and
effectiveness.

e The system model can be developed to a more general distributed generation system where
other renewable or synchronous generators al are interconnected. In this case each system is

influenced by other subsystem’s states and a more general control method is necessary.
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e Thesolar system connected dc-dc converter can be modeled in a dc distribution system with

interconnected subsystems working in high penetration of renewable generation.
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