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Frequency Deviations of Power System
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Abstract. In this paper, a minimal-order observer based
control method is proposed for small power utility connected
PV systems. In the proposed method, the PV power is
controlled according to load variation to minimize the
frequency deviation. Load power and diesel power is estimated
by a minimal order observer successfully. From the estimated
load power, load variation index is calculated. A second-order
low-pass filter is used to produce PV base power from available
maximum PV power. Then, PV base power is added with the
load variation index to generate the command PV power. The
proposed method is compared with the method where
Maximum Power Point Tracking (MPPT) control is used to
produce the command PV power. From simulation results, it
has been found that the proposed method is effective to reduce
the frequency deviation of the utility and also delivers PV
power near maximum PV power.
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1. Introduction

The demand of renewable energy has been increased
significantly because of the shortage of fossil fuel and the
global green house effect. Among various renewable
energy systems, photovoltaic power generation systems
(PV systems) are expected to play a promising role as a
clean power electricity source in meeting future
electricity demands. However, PV power fluctuates
depending on weather conditions, season, and geographic
location and may cause problems like voltage fluctuation
and large frequency deviation in electric power system
operation [1], [2]. To date, It has not been necessary for
small PV generators to provide frequency regulation
services to the power system. In the future, with an
increasing penetration of PV generation, their impact
upon the overall control of the power system will become
significant [3]. This will lead a situation where the PV
generators will be required to share some of the duties,
such as load frequency control. Therefore, for the
penetration of large PV system’s output power in the
utility without reduction of the reliability of utility power
systems, suitable measures must be applied to the PV
systems side.
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Several studies have been carried out to minimize the
harmful effects of connecting large PV generators with
utility. On the PV system side, storage devices like
batteries can be used as smoothing devices for a PV
system’s output. There have been investigations aimed at
improving the performance of PV systems equipped with
batteries [4]-[7]. However, the capital cost and
maintenance cost of batteries is a barrier to the large scale
installation of PV systems and used batteries must be
disposed of without causing environmental problems [8],
[9]. In addition, these methods can not control PV output
power considering power utility condition like load
variation. Power characteristics of PV ensembles are
presented in [10] where monitored 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 fluctuations
disappeared, however, large amount of short term power
fluctuations remained. In addition, when the number of
PV power generation systems were decreased, the power
fluctuations increased. Smoothing of PV system output
by tuning MPPT control is demonstrated in [11]. In this
method, when the insolation increases rapidly, the
operating MPPT point changes to a new point where the
maximum power is not generated with the current
insolation. However, the condition of power utilities like
frequency deviation is not considered for tuning the
MPPT and for limiting the new output voltage. All of
these methods tried to smooth the fluctuating PV power.
However, none of them give emphasis on controlling the
PV power according to load variation and no sharing
about load frequency control.

In this paper, a minimal order observer based control
method for PV systems to reduce frequency deviations
and to control the PV power according to load variation
is proposed. This method can capture PV power near
maximum PV power available. This method uses
minimal order observer to estimate required load power
and diesel power. From estimated load power, load
variation index is calculated. A second-order low-pass
filter is used for producing smooth base PV power. The
load variation index is then added with the base PV
power to produce final PV power command. The
proposed method is compared with MPPT based control
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[12] through simulation and is found effective to reduce
frequency deviation of the small power utility as it
controls PV power nearly maximum PV power according
to the load variation.

The paper is organized as follows: Section Il provides
concept of small power utility, description of PV power
generation system, and brief review of solar module
characteristics. Section Il describes the minimal order
observer. In Section IV, PV output power command
generation system is presented. In section V,
effectiveness and feasibility of the proposed method is
demonstrated by simulation results. Conclusions are
drawn in Section VI.

2. Small Power System

The concept of small power utility in this paper is shown
in Fig. 1. The small power utility consists of the diesel
generators and PV systems that generate power to supply
the demand. In addition, it is assumed that the small
power utility is not connected to large power utility and it
is always operated independently like the power system
in an isolated island.

The small power system model which consists of diesel
generator in detail, PV power generation system, load
and diesel power observer, and load is shown in Fig. 2

where S; is the insolation, Pi;\, is the command power
generated by output power command system, P, is the
generated power by PV power generation system, Py is
generated power by diesel generators, R is the speed
regulation, Tg is the governor time constant, Ty is the
diesel generator time constant, P is the load, M is the
inertia constant, D is the damping constant, u is the input
to the governor, Af is the frequency deviation of small
power utility, f’d is the estimated diesel power, f’,_ is the

estimated load power.
In Fig. 3, PV power generation system including solar
array, inverter and PI controller is shown where V, is the

solar array voltage, |, is the solar array current, Af is
the frequency deviation, Vg is the generated supply
voltage by the inverter, |4 is generated supply current by

- * -
the inverter, and |ljp, —lipy| IS the error between

command current and produced current. The control
algorithm for the inverter [13] adopted here is very
simple. The inverter output voltages and currents are
sensed and transformed from 3-phase to synchronously
rotating 2-phase. The command currents are generated
dividing the 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 generate the PWM pulses. For maximum
power extraction, the output power command is
generated by maximum power point tracking algorithm.
For simple structure and less costly implementation, a
Perturbed and Observed (P&O) [12] algorithm was
chosen in the present structure.

Equations given in [14] are used in the development of
computer simulations for the solar module. The
MATLAB/SIMULINK is used. Fig. 4(a) and (b) shows
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the simulated ampere-volt and power-volt curves of the
solar module for different insolation at constant
temperature. Figs. 4(c) and (d) show the simulated
ampere-volt and power-volt curves of the solar module
for different temperature at constant insolation. From
these curves, it is observed that the output characteristics
of the solar module are nonlinear and vitally affected by
the wvariation of insolation. However, variation of
temperature slightly affects the output characteristics of
solar module. Therefore, for the present case study,
insolation and temperature variation effects both are
taken in to account to model the solar array.

Diesel Electrical
Generators I LOAD
PV power
Generation

Fig. 1. Concept of small power utility.
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Fig. 2. Small power system model.

L PWM Inverter

Insolation, §

Linv v

O

Pyranometer

3"\

\ lmrhm\ 3/2 and 2/3 phase
transform and

=
8 calculation
2 *
E PWM control ﬂ ™
0 Minimal-order observer
u— and output power
command generation . Sensing
Af system inv system

Fig. 3. Photovoltaic power generation system.
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3. Minimal-order Observer Design
To estimate load power and diesel power, a minimal-
order observer is designed. A simple minimal-order
observer [15]-[17] is shown in Fig. 5. The state space
representation of the plant is obtained by
X(t) = Ax(t) + Bu(t) @8]
y(t) = Cx(t) @)
where x(t) is an nx1 state vector, y(t) is an Ix1 output
vector, u(t) is an mxZlinput vector, A isan nxn system
matrix, B is an nxm input matrix, and C is an nx|
output matrix.
From [15], the minimal-order state observer can be
written as
@ = Aa(t) + Ky(t) + Bu(t) ©)
X(t) = Da(t) + Hy(t) (4)
where (t) is the n—1Ix1 state variable of the observer,

D(nxn=1), H(nxl), An-Txn-1), K{i-x1), and

B(ﬁx m)are design co-efficients in the minimal-order
observer, and A=Ay —LAp, K=AL+Ay —LA;,

B=-LB, +B,, D=5 0 ,andH:S‘l{l—']
In_i L

The power system model used to design the observer is
shown in Fig. 6. From Fig. 6, the co-efficients of the
minimal-order state observer can be found as

(175 02 -1.95] 1.3748
Az -9.75 -10 9.75 |, K=|-15.4538],
9 0 -9 5.265
- 0 0 O] 1
~ 1 00 -0.195
B=|10|, D= , and H=
0 010 0.975
- 00 1] -0.9

4. Output Power Command Generation

System
In order to minimize frequency deviations, output power
of PV generator is controlled according to load power.

Output power command Pi;\, is decided by output power
command generation system shown in Fig. 7. After
estimating load power I3L, load variation index AISL can
be found as

t
AP =P, —Tl P, dt @
t-T

Then, PV base power is obtained by

0.78
Price = Prigy ———— 8
base max 10s +1 ( )

Finally, PV output power command is given by

Pnv = Poase + AP )
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Fig. 6. Power system model used to design minimal-order
state observer.
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Fig. 7. Output power command generation system.

5. Simulation Results

In this paper, the effectiveness of output power control of
PV power generation system according to load and
frequency deviation reduction of power system using the
proposed method is examined by simulation with system
model and parameters as mentioned in [14],[18]-[20]. In
order to use parameters of real Large PV system given in
[19], [20], the rated output power of the PV array is
241kW. Simulation parameters of power system, PV
array, power converter and Pl controller are shown in
TABLE I. Here, integral time T is 100s, sampling time T;
to obtain discrete value of output power command is 10s,
and sampling time of Pl controller is 1ms. The total
simulation time is 30 minutes and the averaging time of
insolation and load is 20s.

TABLE I. Simulation Parameters
Parameters of small power system

Inertia constant, M 0.150 puMW-s/Hz

Damping constant, D 0.008 puMW/Hz

Governor time constant, T, | 0.10s

Diesel Time constant, T4 8.0s

Speed regulation, R 2.5 Hz/[puMW
Parameters of PV array

Rated output power 241 kW

Open circuit voltage 588.80 V

Short circuit current 520.37 A

Number of modules in series 16
Number of modules in parallel 65

Total number of cells 62,400

Cell Poly —crystalline silicon

Standard insolation 1,000 W/m?
Parameters for Pl controller

Proportional constant 0.1

Integral constant 10
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The estimated load power and diesel power by minimal-
order observer is shown in Figs. 8(a) and (b) respectively.
Here, actual value is shown by dotted line and estimated
value is shown by solid line. From Figs. 8 (a) and (b), it
can be said that the observer works efficiently as the
estimated values are in accordance with actual value.

Fig. 9 shows the comparative simulation results of MPPT
control and proposed method. Here, the results obtained
by proposed control are shown by solid line and the
results obtained by MPPT control are shown by dotted
line. Insolation, load variation index, and PV base power
is shown in Figs. 9 (a), (b), and (c) respectively. Here,
insolation and load varies quickly with time. From Fig. 9
(c), it can be said that the PV base power is smoother
than PV maximum power as a second order low-pass
filter is used to process the maximum power. Fig. 9 (d)
shows the PV power produced by MPPT control and
proposed control. From Fig. 9 (d), it is observed that the
proposed method produced power near MPPT power but
controlled according to the load variation index to
minimize the frequency deviations. Fig. 9 (e) shows
diesel power needed in the system with proposed control
and MPPT control. From Fig. 9 (e), it is seen that diesel
power produce with proposed method fluctuates less than
the diesel power produced with MPPT control. As diesel
generator response is slow, less fluctuating diesel power
is good for the system. Fig. 9 (f) shows the frequency
deviations where frequency deviations produced by
MPPT control are £0.3 Hz at maximum time. On the
other hand, frequency deviations produced by proposed
method are almost zero. Therefore, it can be said that
proposed method is effective to reduce frequency
deviations of small power utility and also delivers PV
power near maximum PV power available.

6. Conclusion

This paper presents a minimal-order observer based
control method for utility connected large PV systems to
reduce frequency deviations. Here, required load power
and diesel power of the utility is estimated by the
observer. From estimated load power and PV maximum
power, command PV power is generated using a second-
order low pass filter. From the simulation results, it has
been found that the proposed method is effective to
reduce frequency deviations significantly in comparison
with MPPT control. Also, the proposed method produces
PV power near maximum PV power. The current practice
to reduce frequency deviation is smoothing of PV output
power fluctuations. However, proposed method shows a
new and simple control of PV power to reduce frequency
deviations without smoothing PV output power
fluctuations. Therefore, it can be said that proposed
method can be used to share some of the duties like load
frequency control by PV generator.
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