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Abstract- A New Fuzzy Adaptive voltage control method for the three-phase inverter in a Stand-alone Distributed generation
system, which is fed by renewable energy resources in remote locations, is proposed in this paper. The technique uses adaption
control and state feedback control to achieve the required performance. State space model of the inverter is derived to design the
controller. The algorithm is easy to implement, and it is very robust to sudden disturbances in load. This control strategy ensures
the most desired voltage regulation performance, under different types of loads such as balanced load, unbalanced load, and
nonlinear load. The simulation results of the system under different types of loads are presented and are compared to the
corresponding performances of the Non-Fuzzy system to validate the effectiveness of the proposed control scheme. This strategy
achieves good voltage regulation in terms of zero steady state error and low THD for sudden changes under different load
conditions. The system is simulated and its performance is evaluated using Matlab environment.
Keywords — Adaptive voltage control, Distributed generation system (DGS), Fuzzy logic controller (FLC), voltage source inverter
(VSI), Stand-alone operation.

L. INTRODUCTION
Now-a-days, The need for Distributed generation systems, which are energized by renewable energy sources such as wind turbines,
solar cells etc., is growing significantly, as they can economically supply the increasing demand of electric power due to the rapid
growth of the economy and strict environmental regulations concerning greenhouse effect [2]-[9]. In [1], an Adaptive voltage
controller for a three phase inverter is implemented for improving Voltage regulation performance using adaption and feedback
control techniques. The system proposed in [1] delivered good voltage regulation to the DG system. However, The Fuzzy adaptive
voltage control technique proposed in this paper has achieved lower Total Harmonic Distortion than the controller in [1] for various
types of loads. Based on practical needs, the DGSs may be interconnected in parallel with the electric utility grid and provide
maximum electric power to the grid. There are some remote locations where the connection to the grid is not economical or
impractical. In that cases, small scaled standalone DGSs are the only efficient and economical options. In such DGSs, depending on
power demand, the DGSs may operate in parallel or independently. In both the cases, a stable operation of each DGS unit is
expected as the stability of the parallel operating DGSs where the proper sharing of load by each unit has been one of main research
topics since the voltage controller was commonly used in a single DGS unit or multiple DGS units for the first time. Because of the
reason above, the voltage controller design for a single DGS unit, which can guarantee a good voltage regulation under unbalanced
and nonlinear loads, is an interesting topic in the field of the DGSs control. To improve the quality of output voltage of inverter,
many researchers are working on designing the controllers for dc—ac power converters. In [10], a robust controller is developed for
balanced and unbalanced systems, which considers the uncertainties of the load parameters. However, nonlinear load is not fully
addressed. In [11], an alternative control strategy with a feed-forward compensation component can significantly minimize the
effect of load disturbance and make the controller design simple. Though, the application of this method is mainly limited to
balanced load conditions. In [12], a current control technique based on the spatial repetitive control is applied to a single-phase
inverter and it also improves the performance of the current controller by estimating the disturbances. Although this control can
obtain good results under non-linear load, it may not guarantee a good voltage tracking capacity for a three-phase system. The
method proposed in [1] uses adaptive controller for voltage regulation and delivers good performance to the system. However, the
method proposed in this paper can achieve better voltage regulation than the method in [1]. To confirm the feasibility of the
proposed control algorithm, simulations are performed through Matlab software and results are evaluated.
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Chapter 2 explains modeling of the proposed theory. It is divided into two parts (a) State-space model of a Load side Inverter. & (b)
Design of adaptive voltage control system. In Chapter 3, Fuzzy logic controller used in this model is explained briefly. In Chapter 4,
simulation results are shown, which ensures the improvement of the proposed technique and betterment over the method used in [1].

Renewable AC Three LC Transformer Local
energy phase
Sources or bC Inverter Filter ‘@ Load
DC

Fig -1: Block diagram of a standalone DGS using renewable energy sources.

1. MODELING OF THE PROPOSED THEORY

A. Derivation of State-space model of the inverter

State-space model of the Load-Side Inverter is derived to construct the controller proposed in this paper. Fig. 1 shows the block
diagram model of a simple stand-alone DGSs fed by renewable energy sources. The DGS is mainly divided into six parts: an energy
source, an ac—dc power converter in wind turbine systems or a dc—dc boost converter in solar pv systems, a three-phase dc-ac
inverter, an LC output filter, an isolation transformer, and a local load. This paper considers replacing renewable energy source and
an ac—dc power converter or a dc—dc boost converter with a stiff dc voltage source (Vq) as it mainly concerns the designing of the
adaptive voltage controller for different types of loads such as balanced load, unbalanced load, and nonlinear load. Also, the above
consideration of using a dc voltage source as supply can be acceptable because the front converter (i.e., an ac—dc power converter or
a dc—dc boost converter) can quicly recover the reduced dc-link voltage when a sudden load changes occurs. Assuming that the
customers need a low voltage ac source (below 600v) which DGS can generate on their own, Isolation transformer is not used to
reduce cost. Fig. 2 presents a schematic diagram of a three phase inverter with LC filter used in Stand-alone DGS. The inverter
circuit consists of a dc voltage source (Vq), a three-phase inverter (S, to Sg), an output filter (L¢ and C), and a three-phase resistive
load (R.). The LC output filter is significant in this circuit because it accounts for eliminating harmonic components from the
inverter output voltage, which occur due to high-frequency switching actions. By using Kirchhoff’s voltage law and Kirchhoff’s

current law, the LC output filter shown in Fig. 2 yields the following state equations:
v 1) 1

dt el ¢ b
di; 1 1
T =T+
dt L¢ L¢

@

Where T, =

Fig -2: Schematic diagram of a three-phase dc to ac inverter with an LC filter in a standalone application
The state equations (1) in the stationary abc reference frame transformed to the following equations in the synchronously rotating d—
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q reference frame:
Vig = wViq +Kilig —Kqlig \I
.VLq = —wVyq +Kilig = Kqilig $ @
lig = wlig —k;Vig + K3Vig +K4Vig |
lig = — g = koVig = KyVig +ksVig J
Where o is the angular frequency (o=2=-f), fis the fundamental frequency of output voltage or current, and

k_l k_l k_l k, = 1
I_Cfx Z_fo 3_2Lf’ 4_2\/§Lf'

The following assumptions are used to design an adaptive voltage controller:

1) The desired load d—q axis voltages (Vi and Vg4 are considered as constant during a small sampling period.

2) The load d—q axis currents (I.q and 1 4) vary slowly during a small sampling period as indicated in [13]. The reference values
(I*idr and I*iqr) of the inverter currents (liq and lig) in the d—q axis are denoted as:

1 1
Ii*dr = ILd - k_l(DVLqrx Ii*qr = ILq + k_l(DVLdr (3)
These inverter d—q axis current references can be confined within the maximum allowable values as given in [14]:

I(*i(q)r Ifll(*i(q)rJ = Imax

lia@r = 9§ law .
id(q)r _qu|maX I]1 d(q)rj > | ax

(4)

[Tacar

Where I« represents the maximum allowable magnitude of the inverter currents. The output filter capacitance Cy usually
satisfies 0<C<1, i.e., |K| < co. Thus we may use the assumption |Ky|+|Ak,|<co leading to the following equations:

1 1
Ligr = lpg — —@0Vigr = lpg — —— 0V,
idr Ld K1 Lqr Ld Ky +Ak, Lqr

1 1
qur - ILq + k_l(DVLdr ~ ILq + Ky +Ak, “)VLdr (5)

Here Ak, represents the imprecision of the parameter k;. From the equations (1) to (5) the model is derived in [1], which is
as below.

X, = WX, +KiXg )
X, = —wX; + KX, i
X3 = K3Vig + Ky4Viq + Ak3Vig + Ak, Vg
(K + Ak Vg + 0liq } ©
Xy = —KyVig + K3Vig — Ak, Vig + Ak3Vig |
—(ky + Aky)Vq — wlig

Where Ak; to Ak, denotes the uncertainties in four parameters (k; to ky) respectively.

B. Adaptive Voltage Controller Design and Stability Analysis
The control inputs Vjq and Vjq can be divided into two control components, respectively:

Vit =ViattVige, Vig=VigtVig (7)
Here Vig and Viq are the feedback control components to stabilize the error dynamics of the system, whereas Vig, and Viq, are the
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nonlinear compensating control components given by
—kywlig — kzwl;g )

Vi =Gz ) .
Vo= —kywliyy + kswlyy I @)
T (kB+kD )

Referring to (7) and (8), the system model (6) can be rearranged as the following:
X, = WXy, + KX + AKX )
X, = —wX; +kyx, + AKX,
X3 = K3Vigr + KaVigr + Ak (X, 1) — Ak, f, (X, 1) } ©)
Xq = —KaVigr + K3Vigr — AK,F; (X 1) + Ak, (x 1) J
where  f(x,t) =a,Vig +a,Vig +a3Viq
f,(X 1) = a,Vig + asVig +a6Vigq

in which aj,a, ... ag are unknown constants,

ksAK; + k, Ak,

N )
_ kghks —ksdk,
S

a; =a, =k, + Ak,
Thus, the model (9) can be rewritten in the state-space form as
x = (A + AA)Xx + B[u — f(x,t)] (10)

Where
f(x,t) = [f,(x,t) f,(x, ) ]T = wIT*

0 w ky O
_|l-w 0 0 k4
A_oooo

0 0 00O

0 0 Ak; O
_lo 0 0 Ak|_
AA—OOOO EFAk,

00 0O
0 O
0 O

0 O X1 v
FT= 0 O X = X2 , _[1d1]
ll 0 X3 Viql
0 1 Xy
\vA \YA Vig
w=[p 0 s e
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Suppose that there exists a positive definite matrix PER,x4 satisfying the following inequality:
(A+AA)TP+P(A+ AA)+Q —2PBRIBTP <0 (11)

Where Q€R4x4 and RER;,, are positive definite matrices. The above inequality (11) is satisfied if the following inequality holds for
some positive p:

1
ATP + PA+ Q —2PBR™'BTP + pPEETP + ;FTFAkf <0 (12)

where the following inequality is used

ATP + PAA = Ak, FTETP + Ak, PEF < pPEETP + %FTFAkf
Assume that |Ak;|<C for some known positive constant C; then inequality (12) is satisfied if the following Riccati-like inequality has
a positive definite solution matrix PERyx4

ATP + PA+ Q —2PBR™'BTP + pPEETP + %FTFAkf <0 (13)

Suppose that |Ak1|<C for some known positive constant ¢ and the Riccati-like inequality (13) is feasible then the controller p can
make the error dynamics x converge to zero: [1]

u=-—-Kx+Wn (14)
Where K = R* B" P is a gain matrix, IT is estimated value of IT", and the adaptive control law is given by

it= -TWTo (15)
I'diag(y;),y; >0,i=1,....3 and o0 = BTPx

The values of P and K are taken from [1]. This adaptation law can cover other types of system uncertainties such as the load
disturbances (i.e., sudden load changes & unbalanced load, etc.) and unmodeled terms (i.e., parasite resistance of wires and filter
inductors, nonlinear characteristics of switching devices, and filter inductors, etc.), by extending the proposed adaptive control
terms. Assume that f;(x, t) and f5(x, t) are represented below:

filx,t) = a\Vig + a,Viq + a3Vyq +d,
f(x,t) = a,Vig + asVig + agVyq + d,

Where d; and d, denote some uncertainties such as the load disturbances etc. The proposed control terms are:

I'=-TWTs,  where 0 = BTPx
I =diag(y;),y; >0,i=1..5
[Ma Mg Ma 10
Mg Vg Vg 01

Note that IT is the estimated value of I1 * defined as
" =[a, a, a; d; d,]"
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qur i > —kiolg— K;lig Fuzzy Via
T | et (FLO) ’v'd?Jr_'
Viar Vi »f ) Vidt

<
Pl n= —KX—WfTWTBTPX dt

\. J \V2
Vi Vi at
q 4
—k,oli + kzwlig
Fuzzy +
e

(k3? + k,?) (FLC)
. Vig2 Viq

YY

Fig -3: Block diagram of the proposed Fuzzy-adaptive voltage controller

1. FUZZY LOGIC CONTROLLER
In FLC, basic control action is determined by a set of linguistic rules. These rules are determined by the system. Since the numerical
variables are converted into linguistic variables, mathematical modeling of the system is not required in Fuzzy Control. The FLC
comprises of three parts: fuzzification, inference engine and defuzzification. The FC is characterized as 1. seven fuzzy sets for each
input and output. 2. Triangular membership functions for simplicity. 3. Fuzzification using continuous universe of discourse. 4.
Implication using mamdani model. 5. Defuzzification

A. Fuzzification
Membership function values are assigned to the linguistic variables, using seven fuzzy subsets: NB (Negative Big), NM (Negative
Medium), NS (Negative Small), ZE (Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big). The Partition of
fuzzy subsets and the shape of membership Cg(k) & E(K) function adapt the shape up to the system. The value of input and change
in input are normalized by an input scaling factor.
In this system the input scaling factor has been designed such that input values are between -1 and +1. The triangular shape of the
membership function of this arrangement presumes that for any particular E(k) input there is only one dominant fuzzy subset. The
change in input for the FLC is given as Cg(k) = E(k) — E(k-1) .

TABLE I: Fuzzy Rules

Change Error o Knowledge base |
in error ' Rule Data !
NBINM|NS| Z | PS|PM|PB i base base i
NB |PB|PB|PB|PM|PM|PZ| Z Y :
NM [PB|PB|PM|PM|PS| z | Z
NS PB|PM|PS|PS| Z [NM|NB |
z PB|PM|PS| Z | NS|NM|NB w [ runifica Docision Defuzzificat | °/°
PS PM|PS| Z [NSINM|NB[NB| ™™ tion | making unit ad Hion >
PM PS| Z | NS|NM|[NM| NB | NB
PB Z | NS|NM|[NM]|NB|NB]|NB

Fig -4: Block diagram of Fuzzy logic controller

B. Inference Method
Several composition methods such as Max—Min and Max-Dot have been proposed in the literature. In this paper Min method is
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used. The output membership function of each rule is given by the minimum operator and maximum operator. Table 1 shows rule
base of the FLC.

C. Defuzzification
As a plant usually requires a non-fuzzy value of control, a defuzzification stage is needed. To compute the output of the FLC, height
method is used and the FLC output modifies the control output. Further, the output of FLC controls the switch in the inverter. In
DGSs, terminal voltage at the load is required to be maintained. In order to control this, they are sensed and compared with the
reference values. To achieve this, the membership functions of FC are: error, change in error and output
The set of FC rules are derived from

u=-[a E + (I-0)*C]
Where a is self-adjustable factor which can regulate the whole operation. E is the error of the system, C is the change in error and p
is the control variable. A large value of error E indicates that given system is not in the balanced state. If the system is unbalanced,
the controller should enlarge its control variables to balance the system as early as possible. On the other hand, small value of the
error E indicates that the system is near to balanced state. In this technique, fuzzy logic controller output is forwarded to SVPWM,
i.e. the fuzzy controller modifies the values of Viq and Viqto obtain a better Voltage regulation performance than that of the method
in [1].

NB NI NS ZE PS M PB NB NM NS ZE PS PM PB

= L 1 I 1 L 1 : 4

Fig -6: change in signal membership functions

Fig -5: input signal membership functions

N NM NS ZE PS ‘ PM PB

=) L 1 I 1 L

Fig 7. Output vari

p functions

able membershi

In this paper, a simulated model in MATLAB is considered to implement the proposed control algorithm. Table Il gives the nominal
parameters for the simulation model.

TABLE Il
Parameters of the system considered in the simulated circuit.
Parameters Values
DGS rated power (Prateq) 450VA
de-link voltage (V) 280V
Load output voltage (Vi ms) 110V
Output frequency (f) 60Hz
. L=10mH,
LC output filter Cr=6yF
Resistive load/unbalanced load R =80 Q
. C4c=3300pF,
Non linear load R,.=500 O
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le D3 A D5
-— Cc =m § Ry
D4 A\ D6 A D2
I l

Fig. 8. Circuit diagram of the nonlinear load.

V. SIMULATION RESULTS
Simulation of the system model is carried out to verify the effectiveness of the proposed fuzzy adaptive control algorithm under the
following four conditions:
A. Balanced load (0%—100%)
The balanced resistive load is instantaneously put on the inverter output terminals.

B. Balanced load (100%—0%)
The balanced resistive load is instantaneously removed from the inverter output terminals.

C. Unbalanced load
The unbalanced resistive load is connected to the inverter output terminals, i.e. for instance, only phase C is opened.

D. Non-linear load
A three-phase full-bridge diode rectifier is connected to the inverter output terminals. As shown in Fig. 8, it is also connected in
parallel with a capacitor (C)and a resistor (Rgc).

—’IM A
Fom W\'H ;
L. ai—c-mm-l—l g

] Erm”'

et

G

Fig -9: Simulated circuit of the proposed fuzzy adaptive voltage controller
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Fig -10. (c) Unbalanced resistive load Fig. Fig -10 (d) Non linear load.
Fig -10: Simulation results of the Non-fuzzy adaptive voltage controller under four different conditions.
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Fig -11. (c) Unbalanced resistive load Fig -11. (d) Non linear load
Fig -11: Simulation results of the proposed fuzzy adaptive voltage controller under four different loads
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Table —I11 Table-1V
Phase voltages and THD values of the Non-fuzzy system Phase voltages and THD values of the proposed fuzzy adaptive.
Load Output Load Output
Load Types Volatages(V,ps) THD | Load Types Volatages(Vims) THD
(%) (%)
Vian Vign Vicn Vian ViBn Vien
No load 109.9 109.7 109.8 0.04 No load 109.9 109.2 109.5 | 0.0367
Balanced 1093 109.5 1094 | 0045 Balanced load 109.6 109.4 | 109.7 | 0.038
|oad Unbalanced
109.2 108.9 | 109.4 | 0.0376
Unbalanced | 00 7 | 1099 | 109.3 | 0.043 A&B load
A&B load -
Non-linear Non-linear | 00 4 | 109.6 | 108.8 | 0.0384
I(;al q 108.5 108.6 108.4 | 0.384 load ' ' ' '

It can be obviously observed from the simulation results and the tabulated values that the proposed Fuzzy adaptive voltage control
method achieves better voltage tracking performance (i.e., smaller steady-state error and lower THD) under various types of loads
(i.e., balanced load, unbalanced load, and nonlinear load) than the corresponding non-fuzzy adaptive control method even though
there exist uncertainties of system parameters and sudden load changes.

V. CONCLUSION
This paper presents a Fuzzy adaptive voltage control technique for a three phase stand-alone Distributed Generation System located
in remote areas. The proposed control strategy has shown exceptional voltage regulation under various types of loads. The proposed
controller is simple to implement and also robust to sudden load disturbances. Finally, the simulation results have demonstrated that
the proposed control scheme gives satisfactory voltage regulation performance such as almost zero steady-state error and low THD
under various loads (i.e., no load, balanced load, unbalanced load, and nonlinear load) though the sudden load changes exists in the
system.
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