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ABSTRACT

A Photovoltaic (PV) system’s power output varies with the change of climate. Frequency deviations, tie line voltage
swings are caused by the varying PV power when large PV power from several PV systems is fed in the utility. In this paper,
to overcome these problems, a simple coordinated control method for smoothing the variations of combined PV power from
multiple PV systems is proposed. Here, output power command is formed in two steps: central and local. Fuzzy control is
used to produce the central smoothing output power command considering insolation, variance of insolation and absolute
average of frequency deviation. In local step, a simple coordination is kept between the central power command and the local
power commands by producing a common tuning factor. Power converters are used to achieve the same output power as
local command power employing PI control law for each of the PV generation systems. The proposed method is compared
with the method where conventional Maximum Power Point Tracking (MPPT) control is used for each of the PV systems.
Simulation results show that the proposed method is effective for smoothing the output power variations and feasible to
reduce the frequency deviations of the power utility.
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1. Introduction play an important role as a clean electricity power source

in meeting future electricity demands. However, the power

Among various renewable energy systems, photovoltaic output of PV systems varies depending on weather. In the
power generation systems (PV systems) are expected to future, when a significant number of PV systems will be

connected to the grids of power utilities, combined power
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or clustered PV system’s I output power in the utility

systems, suitable measures must be applied to the PV
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systems side.

On these issues, several studies have been carried out for
reducing the output power variations of renewable power
sources. Power characteristics of PV ensembles are
presented in () where recorded data from 100 PV systems
were used to study effects of combined power generation of
these systems, compared to the characteristics of an
individual system. It was claimed that a significant amount
of power variations disappeared, however, large amount of
short-term power variations were remained. In addition,
when the numbers of PV power systems were decreased,
the power variations increased. Smoothing of PV system
output by tuning MPPT control is explained in [7]. In this
method, when the insolation increases rapidly, the acting
MPPT point changes to a new point where the maximum
power is not produced with the current insolation. It was
reported that this method could be applied to several PV
power generation systems to achieve a combined output
power variations smoothing. However, the condition of
power utilities for example frequency deviation is not
considered for tuning the MPPT and for limiting the new
output voltage.

To improve the contribution of distributed generation
significantly in the existing electrical networks, which
poses new technical and economical challenges to power
system control and management, coordinated control of
distributed
management of a diesel power plant and a PV array is

resources is necessary. A coordinated
suggested in [8] to fully exploit the PV renewable energy.
However, this coordination is not designed for multiple
PV systems and it could not deal with the problems
introduced in the power utility by output power variations
of multiple PV power systems.

In this paper, a simple coordinated control method for
smoothing the output power variations of multiple PV
power generation systems considering instant insolations
and frequency deviations from the power utility is
proposed. In this control approach, the output power
control is achieved by two levels: central and local. In the
central control, insolations from all the PV systems are
added together and an average insolation is formed. Based
on this average insolation and power system’s condition,
the central output power command is derived. This
method uses fuzzy control "' to produce the central

output power command and it has three inputs, which are
absolute average of frequency deviation, average
insolation, and variance of insolation. Here, the central
output power command is decreased in time when large
frequency deviation continuously occurs. Because the
frequency deviation is introduced in the power utility by
the load variation and it increases when a big amount of
PV output power with variations because of rapid
insolation change is given to the utility. On the other hand,
central output power command increases when frequency
deviation is small and this increase will not cross the
maximum power available. If insolation changes rapidly
in a short period, the PV system’s output will be smaller
than available maximum power when the new acting point
of the PV array is not an optimal one. In local control,
maximum power point tracking (MPPT) command is
produced for each of the PV power generation systems by
Perturb and Observe (P & O) method "%, All maximum
power commands are summed up together and by dividing
the central power command by this sum, a common tuning
factor is produced. This tuning factor is multiplied with
each of the individual maximum power command and new
local power commands are created for each of the PV
power generation systems. Simple PI control law is
employed to control the power converter associated with
each PV power generation system for extracting output
power equal to the local power command from the PV
array. The proposed method is compared with the method
where maximum power point tracking (MPPT) control is
used for each of the PV system without any coordination
and smoothing. Through simulation results, it is found that
the proposed method is effective in achieving the
following key features: smoothing of PV output power
variations, decrease of frequency deviation to keep the
reliability of power utility, and supplying the possible
maximum amount of PV power to the utility without
reducing the reliability of the utility.

An earlier version of this paper !'*) had been published in
ICPE’07, Korea. Current version of the paper is organized
as follows: Section 2 provides the concept of a small power
system, description of PV power generation system, control
of power converter, a brief review of solar module
characteristics and validation of solar cell model. Section 3
command

describes the coordinated output power
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generation system. In Section 4, effectiveness of the
proposed method is explained by simulation results. In
Section 5, feasibility of the proposed method and required
communication hardware are described. Conclusions are

drawn in Section 6.
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2. Small Power System Model

The idea of multiple PV systems connected to small
power utility is shown in Fig. 1. This is actually a
PV—diesel hybrid power system consisting of diesel
generator and multiple PV systems that generate power to
supply the load demand. In addition, it is assumed that the
isolated power utility is not connected to large power
utility and is always operated independently as a
stand-alone system.

The small power system model which consists of diesel
generator, multiple PV power generation systems, and

load is shown in Fig. 2 where, S, is the insolation, N is the

total number of PV power generation systems, P, is the

central command power produced by fuzzy based central
output power command generation system, AP, is the

combined power produced power by N PV power
generation system, AP; is produced power by diesel

generator, R is the speed regulation, 7, is the governor
time constant, 7, and 7, are the time constants, AP, is

the load, M is the inertia constant, D is the damping
constant, and Af is the frequency deviation of small
power utility. The control of diesel generator described in
[6] is also used in this paper to fully exploit the renewable
energy.

In Fig. 3, PV power generation system including solar
array, inverter and PI controller is shown where V4, is the
first solar array voltage, /4, is the first solar array current,
Af s the frequency deviation, Vj; is the produced supply
voltage by the inverter connected to first solar array, /;;is
the produced supply current by the inverter connected to

Iog—1 is the error between

first solar array, and invl

command current and produced current. The control

14 adopted here is simple. The

algorithm for the inverter
inverter output voltages and currents are sensed and
transformed from 3-phase to synchronously rotating 2-
phase. The command currents are produced dividing the
local output power command by sensed inverter voltage.
Then the error between command inverter current and
actual inverter current is processed through a PI controller
to produce the PWM pulses. For simple and less costly

implementation, a Perturbed and Observed (P&O)!'?
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algorithm was chosen in the present structure.

51 and the control

As the design of power converter
system is significantly influenced by the solar module
characteristics, these will briefly reviewed here. The solar
module is a nonlinear device and can be represented as a
current source model, as shown in Figure 4. The
traditional / —V characteristics of a solar module are given

by the following equation !'®!:

AKT N,

qv N,RI,
IoszNSIglsm{exp 9 [VO+ s 01t =1, (1)
where I, and ¥, are the output current and output
voltage of the solar module, respectively, I, is the
generated current under a given insolation, 7, is the

reverse saturation current, g is the charge of an electron, K
is the Boltzmann constant, 4 is the ideality factor, T is
the temperature (K), N, is the number of cells in parallel,

N, is the number of cells in series, R, is the internal
series resistance, and 1,y is the current due to intrinsic

shunt resistance of the solar module.
The saturation current (7., ) of the solar module

varies with temperature according to the following

equation !'®:

T gEs (1 1
Iy =1,|—| exp| =% ——— 2
oo (1] o
Iy =l — 1T~ T,) 3)
& 751000

Fig. 4 Equivalent circuit of a solar module
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Fig. 5 Solar module characteristic curves (a) Current—voltage
curves (b) Power—voltage curves The discrete data
points shown are taken from the manufacturer’s

curves ']

the model

, and show excellent correspondence with

where T, is the reference temperature, I, is the

or

saturation current at temperature 7., E, is the band gap

energy, I, is the short circuit current temperature

coefficient, I, is the short circuit current of solar

module, and S; is the insolation in W/m®. The current

due to shunt resistance is given by the following equation
[1e].
Yo

I, =—20—
NsRsh

rsh

(4)

where Ry, is the internal shunt resistance of the solar

module.

For the solar module, Equations (1)-(4) are used in the
development of MATLAB/SIMULINK based computer
simulations. Figures 5(a) and (b) shows the simulated
ampere-volt and power-volt curves of the solar module for
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different insolation at constant temperature. Here, the

discrete data points shown are taken from the
manufacturer’s data sheet ' for validating the model.
From these curves, it is observed that the output
characteristics of the solar module are nonlinear and

vitally affected by the variation of insolation.

3. Coordinated Output Power
Command Generation

To control the combined output power of PV systems
considering power utility and insolation conditions, output
power command is produced in two levels: central and
local. Individual local output power commands are given
to each of the PV power systems by keeping coordination
between central and local levels to produce combined PV
output power same as central output power command. The
coordination is simple. However, it is effective for
smoothing and smoothing the combined output power

*

variations. Central output power command P,, is
decided by the fuzzy based central output power command
generation system shown in Fig. 6. This central output
power command system consists of mainly two fuzzy
controls. These fuzzy controls are described by a set of
“if-then” based fuzzy rules. Fuzzy control is effective
when mathematical expressions are difficult by inherent
complexity or nonlinearity. Therefore, no deterministic
model is needed.

First, Fuzzy control I is explained. There are two inputs
of fuzzy control I. One is absolute average of frequency

deviation Af, and the other is average insolation S; . The

former, which is an index to estimate power system

condition, is expressed by
1 t
of, = [Iarlar 5)
=T

where ¢ is present time and 7 is integral interval. Since
absolute value of frequency deviation Af is used, absolute

average of frequency deviation Af, increases or decreases
with increase or decrease in frequency deviation Af ofthe

power system. Therefore, (5) shows frequency deviation

quantitatively at any given time. Average insolation S; is

defined by

—x 1 *
5= I Stdr (6)
t-T
1 N
where S; = N;S’N

where N is the total number of PV power generation
systems, S;y is instantaneous insolation of each PV power

. %k . . . .
generation system, S; is summation of insolation of each

PV power generation system divided by N. Fuzzy rules and
membership functions of Fuzzy control I are shown in
Table 1 and Fig. 7, respectively. Here, central output power
control of PV systems according to power system condition
is succeeded by using absolute average of frequency

deviation Af, as input of fuzzy control.

Fig. 6 Fuzzy based central output power command generation
system

Table 1 Fuzzy rules of fuzzy reasoning I
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Fig. 7 Membership functions of fuzzy reasoning I

It is undesirable to increase central output power
command for PV systems considerably by insolation
condition because chance of insolation decrease at short
times is high. The important considered in this paper is
preventing large frequency deviations. The frequency
* 02Hz is

prevented rather than increase of produced power of PV

deviation Af of magnitude more than

systems. Thus, membership functions are determined so
decreasing tendency is strong compared with increasing

tendency of central output power command of PV systems.
When frequency deviation Af is more than + 0.2Hz in
certain times, fuzzy rules and membership functions that
yield an output to decrease the output power command are
defined by trial-and-error. The ith fuzzy rule is expressed

as

Rule i :if Af, is L, and S; is M , then y; is Z, ®)
=127,y =12,,7,1=1,2,+,7

where L, , M

, show the antecedents and Z; are

consequent part. Fuzzy reasoning output %; is calculated
by

49 49 9
vr = Z wiZ, Z wi ©)
= i1

where w; shows the grade for the antecedent and is

calculated by

Wi = War Wy i (10)

where w,,; and wy; are the grade of antecedents for

each rule.
Second, Fuzzy control II is explained. Absolute average

of frequency deviation Af, and variance o of average

insolation S; are used as inputs of Fuzzy control II, where

2

variance o~ is expressed as

' 2
o=k [i-5)a (an

=T

Output power command that depends on power system
condition rather than insolation condition is decided by
using absolute average of frequency deviation Af; as input

for both fuzzy control I and fuzzy control II. In addition,

when insolation variations are large, the variance of

2 is used as one of the inputs since the

average insolation ¢
objective is to keep decreasing tendency. Fuzzy rules and

membership functions of Fuzzy control II are shown in
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Table 2 and Fig. 8, respectively. Setup of fuzzy rules and
parameters of membership functions are determined to
prevent boosting frequency deviation.

Table 2 Fuzzy rules of fuzzy reasoning II
Af,

NB NM NS Z0 PS PM PB
NB PB PB PB PB PM PS Z0
NM PB PB PB PM PS Z0 NS
NS PB PB PM PS Z0 NS | NM
0-2 Z0 PB PM PS Z0 NS NM | NB
PS PM PS Z0 NS NM NB NB
PM PS Z0 NS NM NB NB NB
PB Z0 NS NM NB NB NB NB
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NM=Negative Medium
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Z0= Zero
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PS= Positive Small
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Fig. 8 Membership functions of fuzzy reasoning I1

The oth of fuzzy rules is expressed as

Rule o:if Af, is H, and 6% is I, then y;; is O, (12)
=127, 2=1,2,,7, h=1,2,-,7

where H, , I, denote the antecedents and (), are

consequent part. Fuzzy reasoning output y;; is calculated
by

49 49
Y= ZWth zWo (13)
i=1 i=1

where w, denotes the grade for the antecedent and is

calculated by
R (14)

where w,,, and w_, are the grade of antecedents for

each rule.

The fuzzy rules and membership functions presented in
Fuzzy reasoning I and II are defined by trial-and-error.
However, it is possible to tune the parameters of
controllers and membership functions of fuzzy reasoning
to achieve leveling and maximum acquisition of available
PV power. Various methods have been proposed recently
for tuning the fuzzy controller such as the self-tuning
algorithm based on an experimental planning method "*,
in which the scaling factors of optimal parameters can be
determined efficiently according to the performance
indexes, Taguchi tuning method ", and tuning the
membership functions " *!1. Most of these methods need
a performance index. Two performance indexes can be
made based on frequency deviation (tends to zero) and
maximum PV power (tends to maximum). It will be easy
to define performance indexes if one hour ahead insolation
and temperature prediction are possible. However, in the
present literature, selection of scaling factors is still based
on a trail-and-error method.

As can be seen from Fig. 6, the discrete value u(k+1)is
got by the sum of outputs of Fuzzy control I, y;, and

Fuzzy control II, y; , through zero-order-hold, and the

rate of current rated output power of PV arrays. Then, new
rate of central rated output power for PV arrays y(k+1)

becomes central output power command by the following
equation:

y(k+1)=y(k)+u(k+1) (15)

Since, the rate got by (15) changes step, it is necessary to
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convert it into a smooth output power command. Linear
output power command is produced in each sampling time
by using the following equation:

danad f(z)} (16)

S

P;‘:v = NPmted{y(k) +

Finally, (16) becomes central output power command
P,, to the PV power generation systems, where P,

is the rated output power of a single PV power generation
system, N is the total number of PV power generation
systems, T, is sampling time, f{?) is periodic function such
that f(r)=#(0<z<T,) . After producing central output

power command, local output power command for each of
the PV power generation systems is produced by a simple
coordinated control. The N PV power generation systems
with coordinated control are shown in Fig. 9. Here the
combined PV output power AP, is expressed as

N
APy :ZPAN (17)
N=1

where P,y is the output power of each PV power
generation system. To achieve combined output power

AP, equal to the central output power command P,

coordinated control method for each of the PV power
generation systems is needed. To produce coordination
between central power command and individual local
power command, a common tuning factor f is developed.
The tuning factor f can be expressed as

*

P
PR (18)
Z PAmaxN
N=1

where Py 1S maximum power point tracking

(MPPT) output power command of each PV power
generation system. The P& O algorithm is used to produce
the MPPT output power command considering instant
insolation, solar array voltage, and solar array current. The
individual local output power command for each of the PV
power generation systems can be produced by the

following equation

3k
PN :PAmaxNXﬂ

Solar insolation

327

(19)

& Inveter 1

&

Solar Array N

Inveter N

Fig. 9 Coordinated local output power command generation

system

4. Simulation Results

In this paper, the effectiveness of output power
variations smoothing of PV power generation systems and
frequency deviation decrease of power utility using the
proposed coordinated method is examined by simulation
with system model and parameters as mentioned in
[22]-[24].

Table 3 Simulation Parameters

Parameters of PV module
Cell Poly-crystaline silicon
Rated output power 216 W (+10%/-5%)
Open circuit voltage, V. 36.50 V
Short circuit current, I, 8.10 a
Shunt resistance, Ry, 50 Q
Series resistance, R 5Q
Ideality factor, 4 1.450
Inverse Saturation Current, I, 3.047¢-07 A
S.C. current temperature constant, / | 1.73e-03 A/’K
Reference temperature, 7. 25 °C
Boltzman’s constant, K 1.38¢-23
Charge of an electron, ¢ 1.602e-19 C
Bandgap voltage, E, L.11 eV
Number of cells in series, N 60
Standard insolation, S; 1000 W/m?
Dimension 0.75 m’
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Parameters of PV array
Rated output power 225 kW
Open circuit voltage 584 V
Short circuit current 526.50 A
Number of modules in series 16
Number of modules in parallel 65
Total number of cells 62,400

Parameters of Power converter

Inverter power rating 225 kW
Nominal ac output voltage 480 V (3-9)
Nominal ac output frequency 50 Hz
Maximum ac line current 271 rms
Maximum dc input voltage 600 V
Maximum dc input current 781 A
Efficiency 94.5%

Parameters of small power system
0.150 puMW.sec/Hz
0.008 puMW/Hz

Inertia constant, M

Damping constant, D

Governor time constant, T, 0.10 sec
Time constant, 7, 0.25 sec
Time constant, 7, 8.0 sec
Speed regulation, R 2.5 Hz/puMW

Parameters of PI controller

Proportional constant, Kp 0.1

Integral constant, K; 10

To use parameters of real systems in [23], [24], the
rated output power of each PV array is 225 kW. The total
number of PV power

generation system used in

this paper is 10 and the combined rated output
power of ten PV power generation system is 2.25 MW.
Simulation parameters for power system, PV array, power
converter and PI controller are shown in Table 3. Integral
time 7 is 100s, sampling time 7§ to get discrete value of
output power command is 10s, and sampling time of PI
controller is Ims. Simulation time is 30 minutes.

Different isolations are used for PV power generation
systems. Insolations for PV plants 1, 6, and 9 are shown in
Fig. 10(a). Absolute average of frequency deviations,
variance of insolations and load are shown in Figs. 8 (b),
(c), and (d) respectively. The comparative simulation
results using MPPT control and proposed coordinated
method are shown in Fig. 11. Figs. 11(a), (b), (c¢) show
output power produced by coordinated method and
available maximum power for PV plants 1, 6, and 9
respectively.

——————— Solar insolation of PV plant 1
——————————————— Solar insolation of PV plant 6
e Solar insolation of PV plant 9

o 200 400 600 800 1000 1200 1400 1600 1800
Time ts

(a) Insolations of PV plant one, six, and nine
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Fig. 10 Insolations, absolute average of frequency

deviations, variance of insolations, and load

From these figures, it is seen that individual smoothing
of output power variations is not achieved. Here, the
individual output power of each PV plant is varying.
However, from Fig. 11(d), it can be seen that when these
varying powers are added together, the combined output
power of ten PV plants are significantly smoothed and
leveled.
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Fig. 11 Comparative simulation results of MPPT control and

proposed method

Therefore, coordinated control works successfully to
achieve smoothed and leveled output power from varying
output power of individual PV plants. Another advantage
of this coordinated method is that if a PV plant’s output
decreases with insolation decrease, to compensate the
shortage of power, other PV plants can produce maximum

power.

Output power of diesel generator AP, , are shown in Fig.

11(e). From Fig. 11(e), it is seen that the diesel generator
output power produced with MPPT control varies to
cancel variation of output power, AP, and load, AP, . On

the other hand, diesel generator power produced with
proposed method varies less. This is because the combined
PV output power is controlled considering frequency
deviation of the power utility and it is smoothed by the
proposed method.

Fig. 11(f) shows frequency deviation Af' . From Fig
11(f), it is seen that frequency deviation produced with
MPPT control deviates more than * 0.2Hz often. This is
a severe problem for keeping power system reliability.
Therefore, combined output power of ten PV plant
produced by MPPT control has harmful effects on power
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system. However, frequency deviation produced with
proposed method does not deviate by more than + 0.2Hz
often. Therefore, the proposed method is effective in
keeping power system reliability.

From #=0s to =50s, the frequency deviation is high, and
the combined output power remains steady to reduce the
frequency deviation. From =50s to =600s, the frequency
deviation is low, and the combined output power increases
to supply possible maximum power. However, from ¢ =
600 s to ¢t =1050 s, the
high, therefore,

frequency deviation is
the combined output power first
decreases, then remains steady to reduce frequency
deviation. From #=1050s to ~=1800s, the frequency
deviation decreases, and the combined output power
increases to supply possible maximum power. Therefore,
it can be said that penetration of combined output power
in the power utility with smoothing effect is controlled by
the proposed method.

5. Feasibility Analysis

In the present, the proposed method will increase
system cost, as the combined PV output is less than of the
combined PV output of MPPT control. However, the
power loss presented by the proposed method can be
avoided by using small-capacity energy storage (like lead
acid battery) with each of the PV systems. The battery will
be charged by the power difference between local
maximum PV power and local command PV power at the
daytime. In this way, every battery of individual PV
system will be charged and their stored energy can be
supplied to the load at night. Therefore, all the available
maximum power of individual PV system can be used to
supply the load. However, this addition of small batteries
will increase the system cost, specifically, it will increase
installation cost of the system. On the other hand, this
addition will offer some technical, economical, and
environmental benefits in the long run.

Usually, PV power plant has long lifetime like 10 or 15
years. Therefore, if power loss of one day is considered,
the combined power loss of 10 or 15 years will be big.
However, using a small battery with the proposed method,
all the available maximum power will be supplied to the
system. The cost of battery system is small compared with

the cost of PV power generation system. Therefore, in the
long run, the proposed method with battery will be
cost-effective considering the fact that it is supplying all
the available maximum PV power. In recent times, most
of the hybrid systems are equipped with batteries where
renewable sources are expected to supply greater part of
load demand. This offers some technical benefit as well.
Considering the situation when insolation will decrease
suddenly or no insolation will be present (some hours in a
day and in all-night), battery power can be used for load
Therefore, the
proposed method can be a good tradeoff between

leveling, frequency regulation, etc.
supplying available maximum power and keeping power
quality. Besides, as the proposed coordinated method will
collectively control PV systems based on the data such as
the amount of power generated by the PV systems, the
amount of battery charge/discharge, and the amount of
power consumed, it is expected that such centralized
control will improve the overall efficiency of the area
where PV systems are clustered and will enhance the
performance significantly. Furthermore, the collected data
will also be used for diagnosing battery life and
facilitating early detection of system malfunction. The
practical development of the proposed coordinated control
system described in Section III is difficult, as it will need a
high-speed communication network or regional Internet
protocol network with a central control server and a data
collection server. Each of the PV systems needs to be
equipped with measurement unit, data unit, battery system,
MPPT tracker, inverter, and pyranometer. Each of the
measurement units and control units of individual PV
systems will be connected with data collection server and
through the
communication network. A simple layout of the needed

central control  server high-speed
communication system for the proposed method is shown
in Fig. 12. The diesel generator and utility are not shown
in Fig. 12. However, both of them will also be connected
with the communication network for collecting data of
diesel power and frequency deviations. After collecting all
the needed data, central and local command will be
decided. The MPPT tracker connected with individual PV
system will supply available PV maximum power. To
produce PV power same as local command PV power, the

battery will be charged by the power difference between



Smoothing Output Power Variations of Isolated Utility Connected --- 331

Control Data Collection
Server Server

PV Generator 6

PV Generator 7

Fig. 12 Simple communication system layout for the proposed method

individual maximum PV power and local command PV
power at daytime. At night, this stored battery energy will
be supplied to the utility. However, all these actions
depend on exact data collection and speed of the
communication network and they should be performed at
the same instant. The regional IP network should have
optical fiber connection for high-speed communication.

6. Conclusions
This paper presents a coordinated control method for

output
considering power system condition and insolation

power variations smoothing of PV plants
condition. Central output power command is defined by
fuzzy control, which has three inputs for absolute average
of frequency deviation, average insolation, and variance of
insolation. Setup of fuzzy rules and parameters of
membership functions are determined by to prevent
increase of frequency deviation. Local output power
command for each of the plants is produced by
coordination between central power command and
maximum power tracking command. The PV plants are
controlled with the help of PI controllers and power
converters to level the output power so as not to influence
the power system at times with large frequency deviation.
On the other hand, at times with small frequency deviation,
the proposed system can manage to increase produced

power near available maximum power. From the

simulation results, it can be said that the PV power
generation systems with the proposed coordinated method
achieve flexible output power control without introducing
any harmful effects to power system, and the effectiveness
of the proposed method for smoothing output power
variations and for keeping power system reliability is

confirmed.
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