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Photovoltaic (PV) Contribution to the Primary Frequency Control
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Abstract: Photovoltaic (PV) technology s among the most efficient and cost effective renewable
energy kinds currently available on the market. The connection of a large number of PVs to the grid
may influence the frequency and voltage stability of the power system. This paper proposcs load-
frequency control technigue for syvstem with high penctration of Photovoltaic (PV). The proposed
controller bas been successfully implemented and tested using FSCAIVEMTIN. In this study, the
impact of Phowwvodiie (PV) on freguescy stabiliny of the system is siudied in detanl. This saudy shows
that farge pengiration of Photovoltaic (PY)Y with lead and frequency control has a significant impact on
the stability and security level of electrical network,
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1. INTRODUCTION and load [2]. Svstem frequency 15 generally
regulated through primary and  secondary
Photovaltae (PV) technology  has frequency  controls,  Primary  frequency
become  one of  several  promising control  (PFC)  regulates  the  svstem
alternatives for use in energy technology. trequency in a d}'rl;;min;: Process, but the
Mowadays PV systems are available from secondary frequency  control regulmes the
major  manufacturers  inoa number of  freguency as close as its nominal value by
standard sives with solar panels, and may be adjusting the loads of umits participating in
specified to be connected 1o the grid [1]. PV the system frequency control |3, 4].
systems may be ground or reof mounted, or Many rescarches  [4-16]  have  been

on the side of a building. The connection of studving the impact of Mo on the system
a farge number of Photovoltaic (PVIunits 0 freguency, but there is no study  that
the grid may influence the frequency and proposes load — frequency contral on the

voltage  stability of the power system.  disiribution level with PV conneetion | This
Frequency stability means the ability of @ paper  deseribes the  desien and
powwel ":3"‘&['.:'"1 1o mainiam '.'-1.'..-:1.'}} !r‘."qll':ll':}' i|'|'|]-||4.1|-|'|1.-“|“ti,|::|n (',.F']h.; ¢L1!11r|':|l lu;‘:\-hn]qu‘: I-“'r

following a severe system upset resulting in load-frequency control for svstem with high
a significant imbalance between generation
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penetration of Photovoltaie (PV) umits. The
control includes faciliy for discrimimation
normal  operation  and
disturbance. The controller can respond to
disturbances such as load increase, load loss,
loss of some generating umits and short
circuit. The controller monitors the balance
hetween the load and the generation in the
syslem, This task ¢an be performed by
monitoring the system frequency: because
the svstem frequency indicates a balance or
imbalance of the power generated and the
load . Under normal operating conditions,
the difference between the load and the
generation 15 zero, in this case the svstem
trequency will be at nominzl value 50Hz
On the other hand when the [oad 15 more
than the active power generated the svstem
frequency will be under 30Hz, I the system
frequency reaches value below 50Hz the
under freguency protection wall operate 1o
trip the generators. Also when the actve
power generated exceeds the load for value
of more than 50Hz the over frequency
protection will operate to trip the generators
According to G591 recommendation the
protection settings for under frequency 1s

between !-:_':.'!;ill_"lﬂ

295 He and 305Hz Tor over frequency o
tnp the generator [17]. Either under
frequency or over frequency will lead to
system blackout. To avoid this blackout the
system frequency has o be prevented (o
reach the  thresheld  valoes,  Therelore
frequency control 18 essential for secure and
stable operation of a power system. This
target has been achieved using the control
techmique proposed i this work.

2, LOAD-FREQUENCY
CONTROLLER DESIGN

A typical arrangement of the proposed
controller 15 shown in Figure | .The load-
frequency controller
measurement  units, calculation units  and
logae unit. This made the difference from
conventional automatic generation control,
which has no control logic. The controller is
mainly a set of mathematical instruction
used Lo and check  the
operating condition, In this work the rate of

control SValen

consists of

change of freguency (ROCOYF, dfidt) has
been used to caleulate the change in the
active power demand in the svstem. Also the
frequency crror has been used to check the
system operating condition and  decide
whether to increase or decrease the outpul
power from PV units, if the system frequency
deviation ooours,

Memsurement
| block
- -
T o
Comdrol| I'DE'E. redonence
block it sigrasls ot
L = _F'I.i'i'rﬂf_ Y uimils

Change in active | Disiributed . o 7|
- - power controller | p2
Measured | cabeulation block blaock - = i
Froguency 1 & !

i - I'"f"" |
Inlormadion alsou f'ﬂ'“m' : i
the |||F\|_'r|||i:'|!.'_ " T
| hluck

concittons ol PY
dmits

Figure 1: A block diagram of the load-
freguency control systam

L1 The algorithm of the load-frequency
controfler

Figure 2 shows the Hlowchart of the load-
frequency controller.The function of the
control  logic  of  the load-frequency
contredler 5w detect whether
dhisturbance or mot and 1f there 15 disturbance
s type has to be defined; under Frequency
or over frequency, then send appropriate
control signal 1o the PV units 1o increase or
decrease thewr outputs according to the type
ol disturbance

there 15

I'he algorithm of the controller starts with:
l. Start afier system initialzation completes

I

Measure the system frequency

Cad

Measure the system power generation,

i

. Calculate the frequency error,

-'IrI.TI"I'h" = 'lr.l|.ll ) -'r‘.-'n'h'n” [_I]

5. Record the actual set points for every PV
urnit from the focal controllers (&, J in
[ MW,

6. Caleulate the 1wl rated power of all PV
units { Prasin MW

zLoz aunr (L)'oN (1) ININTOA




VOLUME (1) N2.(1) June 2012

Rafa/ Solar Energy and Sustainable Development, 8-17

[MW] (2

Py = mated power of PV umt (1) i
[ BIW ]
7, Calculme the average value ol total
actual generation of PV unins 2,

=Y
i=l

15 the actual participation of PV

[pu] (3)

WhereF

unit ¢ based on the total rated power of

all PV units.
-
— [pul {4
i Pi'llll p
8, Caleulate the powerl Py, ) that can be
provided by PV umits when  under
frequency occurs in M Py
l|”.'."| = -F*n-r tﬂ}
9,  Calculate the powen| £ vy V. that can be
reduced from the PV units when over
frequency occurs in WY

F.H_. _{“-5_'{‘.’n-l"‘f".r:u'.[f'll

Af
10, Calculate the ‘s_r (RO,

11. Caleulme the change mn the reference
power setting for all PV units AP ¢
» __x ¥

(AP =-K v (7

12, If the frequency error equal to zero (f
ervar #erd)  go e the next  step,
otherwise po o steplb

13, The AP =ero, the PV unils power set
points are actual set points.

14. Go to step2i

15, IFthe Irequency error s more than sero

[ iree ZEeTo go 1o the next step, otherwise go

Lo stepl 8

16, The svstem  frequency  under  rated
value, the AP~ (under frequency
vilue), (0 =AP = Py

17, Goto stepl

18. If the frequency crror is more than zero
I e <Zero go 1o the nexi step,
otherwise go W stepl

10

19, The system [requency is over rated
value, the AP #{over frequency value),
(Por=APres = 0],

siart after system initialization
complele
¥
»  Measure the system frequency
¥ ——
Measure the active power generation |
in the system !

L
Calculate the frequency o=, I

¥

Cer for the pctual power generstion
swhsytem 1o caboulate. Py, Prec. P |
FJ_,“-_ P._P.-_.-.F.ﬁ' Ji-lil'.l'd-’I Fm'F |

S— v .
o 1o the change in aclive power |
calculation subsystem to calculate
AP

YES e =200~
MO
X

.f__;m_, }z:m N

Thauan
frecpeency at
rated value
AP =reTo Tﬁr.-s;-smn
YES [ ACY OVET
“The S‘_'.i‘ﬂﬂ'; frequency | mr:ﬁl :iluc
mder mted value
{over frequency ),
(under frequency), | | (p, <4P, <q).
(0= AP = P,
[ Go Iuﬂwdisu?ibuliun power
contraller subsystem o
[ distribaie the power
| betweenPVunits (caleulate Pi

_Send signals to PY units |

Figure 2: The flowchan of the load-frequency
contraller,

20, Go to the distribution power controller
block to distribute the power between
PV Linats

21, Send signals to PV umits
22, Go to step
Where; J'r errer 18 the frequency error,

P 15 the actual set points for every PV
units i [MW].
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e 15 the total rated power of all PY unit in
MW,

Pine 15 the rated power of PV unit (i) in
MW,

F.. 15 the average value of total actual
gencration of PY units

£ 1 the actual participation of PV unit §

based on the total rated power of all PV
LIS,

Py 15 the power that can be provided by PV
units when under frequency occurs it M,
15 the power that can be reduced from

(PEF
the PV unils when over frequency occurs in

MW

af ) n s bae

—: 15 the rate of change of frequency
i

[Hz/s].

APr is the change in the reference power
settng tor all PV units,

3, SYSTEM WITH PV UNITS WITH
LOAD-FREQUEANCY CONTROL

The load-frequency controller has been
successtfully implemented and tested using
PSCAD/EMTDC. Figure 3 shows the EHVI
J3kV rural network model [18] used to
evaluate the performance of the gencral
conirel approach that 1s proposed in this
work, It includes  three
generators (G, G2 and G3) have sumilar
rating represent the main system providing
M 2MW connected to 132KV bus (hus 100
and one interconnected  generator  which
provides 4MW 1o the network 15 connectad
@ ARV bus at bus 336 Also the netwaork has
long  lines, meluding a  sub-sea  cable
between buses 318 and 304 The wtal load is
AR 16MW and 7.74 MV Ar. As shown in the
network the PV technology used in this
sty 15 Photovoliaic (PV) with 26.2%
penetration {10 MW) for 9080 customer s
(1.1 kW per customer). Represented by tive
Photovoltae (PV) units the rate of every
urit s ZMW (IR1E customer). These unils
are comnected at different locations to the
EHY1 33kV rural network (1100, 1106,
PIOE, T11d andl LES).

synchronous

The actual output power of Phaotovoltaic
{PY) umits 15 as follows; 1.6 MW (80%) for
the units connected to bus 1101, 1.5 MW
(75%0) o the units connected o bus 1108,
146 MW (T3%) for the unns connected o
bus 1106, 1.4 MW (T0%) for the umis
connected to bus 1115, and 1.34 MW (67%)
for the units connected to bus 1114,

1. Photovoltaic (V) maodel

PV system consists o a PV gencrator,
maximum power pomnt  tracker (MPPT),
energy storage (for example a battery), and a
power conditionimg system [19-23]. A PV
generator can contain several PV arrays:
each array 15 composed of several modules
and each module 15 composed of several
Photovaltae (PYY units with
help of solar cells convert the sun light
directly into electrical energy. The MPPT is
used to ensure that the PY armay generates
the maximum power for all irradiance and
temperature values, The battery bank stores
energy when the power supplied by the PY
modules exceeds load demand and releases
it back when the PV supply s insufTicient.
The power conditioning system contains a
D 1o DO convernter and DOC/AC inverter,
isolation transformer and filter. s function
provides an  interface  between all  the
elements of a PV system and the grid. It is
also used to g@ive protection and control 1o
the svstem [1]. Figure 4 shows schematic
diagram of PV,

sofar  cells,

=
To the

Metwaork

Figure 3: PY schematic diagram

11
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4. CASE STUDY

In order w mvestigate participation of
Photovoltae (PV) units m frequency control
and test the performance of  proposed
controller, the two  tvpes of  system
disturbances load increase and load loss
have been considered, These tvpes of testing
are applicd on the EHV1 33kV  rural
network  with 22.6%  penetration  of
Photovoltaic (PVY . The strategy consists of
increasing or decreasing their production 1o
compensate  the difference  between  the
generation and the load to prevent the
system  frequency  from  reaching  value
beyond this limat (49.5-50.5 Hzp This wall
be achieved by the central controller that
sends signals o Photovoltaic (PY) units 1o
change thewr outputs accordimg to the tvpe of
disturbance to restore the svstem frequency
to the normal operating limits.

4.1  Under frequency test (load increase)

In  order to  nvestigate  the
frequency behaviour with photovoltaic units

syslem

with load-frequency control, the disturbance
considered 15 inercasing n load. The
duration of the simulation is 70s during the
test. At the beginming the balance between
n.,'un:-:mnp[iun and generation 15 ensured and
maintamed, then suddenly at = 10s, load ®
load 11027 15 mereased by 3. 816MW (109
trom the total load). As shown in Figure 5
the  output  power  from  mam  system
increased o supply the change in the load
that leads to decreasing in the svstem
frequency as shown in Figure ¢ duc to
imbalance between clectrical and
mechanical torque of the main generators as
clearly observed m Prgure 7 (Gl as an
example)Once the disturbance 15 detected
bv  the cemtral controller, the central
controller sends signals to 'V umits to
increase their output power as shown in
Figure T and PFrigure 8 {ou put power from
PV unit] as an example), The total output
power from PV units increased to maximum
vilue durmg first 3sec after disturbance.
This inerease of output power from PV units
15 achieved by the local control system of

the umits, as shown in Figare 9 (load angle
of the PV uninl as an example). The control
system increases the power angle of the
inverter o change the output power from
every PV umit. Also as shown in Figure 8
the change i the system frequency has no
impact on  the performance of  the
photovoltaie units due to inertia less of the
units AL 17205, generators (31, (G2 and (3
sbarl i iIH.ZI'S,'iIHI;.' -I.JLI'FILH. ]HH\'{:L al lt'll;.‘
meantime the PV units start 1o reduce ther
out put power until reaching the actual
operating condition betore the disturbance a
t- 205, As shown i Figure 6 the frequency
af the svstem 15 49.505Hz which s within
the limits of normal operation . Also Figure &
shows using the proposed controller there
are no oscillations in the system frequency
before restoration o its mmtial condimon,

AB feiaiis mafa .T_:... i rasaf tiviaviasans

H Tiobal foandd
| = Power fnom 133 B Grd 4
== =Pyrwer nom Py unlls

e | Povwssr from Inbsscornesoior
,—ﬁ.ﬂi:——ﬁ;—.-—————.—_——.
- TR, SRR JEPLF i SRS et PR g -
i

1o 20 1] ] S50 6O L
Time (sec)
Figure 5: Active power generation in the svstem
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Figure 6 system frequency behaviour with of
PY's with load-Trequency control
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Figure 7: Electrical torgue and mechanical
torgue for synchronous generators
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Figure 8: Active power ouwtput For all PV units
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4.1 Ower frequency test (load decrease)

In order to nvestgate  the
frequency behaviour with photovoltaie units
with load-frequency control, the disturbance
considered 15 decreasing in load. The
duration of the simulaton 15 70s during the
test. At the beginming the balance between
consumption and generation 1s ensured and
maintained, then saddenly at = 10s, load
"load 1105 15 disconnected (10%% from the
total load). As shown in Figure 10 the
HI.I[]'I-lll. ]'!ilh'ﬂ.t'l ITli!irI-
decrcased o compensate  the  difference
between the load and generation The
change in the load that leads to increasing in
the system frequency as shown in Figure 11
15 due o imbalance between electrical and
mechanical torque of the main gencrators as
shown in Figure 12 (Gl as an example).
Once the disturbance 15 detected h}' the
central

H_"n-'!-'ul.l:'lr!

from the syslem

controller, the central  controller
sends signals o PY units 1o decrease their
output power as shown in Figure 10 and
Figure 13 (output power from PV unitl as
an example). The wtal output power from
PA umits decreased 1o hall wial rated value
during  first 3sec after disturbance,  This
decrease m output power from PV units 15
achieved by the local control svstem of the
units, as shown in Figure 14 (load angle of
the PV unitl as an example). The control
svstem decreases the power angle of the

14

voltage of the inverter 1o change the output
il AL 15y,
generators G, G2 and G3 stant 10 decrease
output power while the PV ounits start to
return to the actual operating  condition
before the disturbance at = 18s.As shown in
Figure 10 the frequency of the system is
SO03GGH: which s within the Diomts of
normal operation Moreover by using the
proposed controller there are no oscillations
i the system frequency before restoration to
its initial condition

power [Tevm every PV

@ Do
o ok Eerconnector
§ T3 kg e
0 o A i 4 | |
510158 2% 35 45 &5 B5 70
Time fsec)
Figure 10 Active power generation in the
system
S0 36 -7 4
= : :
.. 502 <-dereenades
g S01F b ;
2 &0 P
g 499} ; :
u_ 1 i i a i 1
0 20 30 40 S B0 70
Time {gec)

Figure 11 Svatem frequency behaviour with of
PY with foad-Trequeney control
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Figure 12: Electrical torque and mechanical
torque for svnchronous generators
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Figure 14: Load angle for all PV units.

n

. COMPARISON  OF  SYSTEM
FREQUENCY RESPONSE
DURING DIFFERENT OPERAT-
ING CONDITIHONS

I order to compare the system frequency
bebaviour
photoveltme units withowt  load-frequency
contrel and  with  photovoltaic units with
load-frequency  control,  the  system
frequency response of three cases are plotted
together. The two types of tests were done

with no

under frequency and over frequency tesls as
described in the following subsections.

2.1, Under frequency Test (load increase)

The aim of this test is 10 imvestigate the
response  of  the controller when an
additional load (3. 216MW) is connected o a
low-voltage network (ar - 10sec) and 1o
compare the svstem  frequency behaviour
with no participation of photovoltaic units
and with photovoltaic units without load-
trequency control. Figure 15 illustrates the
system Irequency with parbicipation of PV
with and without load-frequency  control,
I'he results are compared with each other
and with the base case, where there is no
photovoltine umit connection i the system.
The resulis illustrated that i a case of the
system withowt photovoltaie units when a
new load s connected the reguency of the
system decreases to value 4¥.8Hz. the
threshold value (49.5Hz). This energizes the
under freguency protection which in turm
leads 1w a blackowt in the system, Lising
photovoltaic  umits  without  load  and
frequency control the frequency 15 4893 Hz
that  leads 1w these consequences. Al
frequency of 4893 the svstem performed
better than at 488 Hz but still led to a
blackout. However. the study showed that

paricipation  of

bv connecting the photovoliaie (PV) o the
system with load and ﬁuquﬂnt}' conlbroller
excellent response during steady state and
disturbance was demonstrated. As shown in
the figure the frequency of the system is
449 565H: whach
normal operation Morcover by the proposed
controller there are no oscillations m the
system freguency before restoration to its
initial condition.

15 within the limits of

5O &
W )32
L
@ 50
¥
T 4925} {, without contral and PV |-
O ple 1) | = = = ywith Py wilhaul control
= 48961 Vool
E 1] e . wih PV ___H
485 . i .

0 2 30 40 S50 B0 O
Time {s2c)

Figure 15 System frequency behaviour

(load increase)

5.2, Over frequency test (load decrease)

Ihe am of this test is o investigate the
response of the controller when a load “load
0" (3 0MWY s disconnected from the
low-voltage network {at t=10s¢¢) and to
compare the svstem frequency  behaviour
with no participation of photovoltaic umnits
and with photovoltaic unns without load-
frequency control, Frgure 16 illustrates the
system  frequency with  participation of
photovelie umts with and without load-
frequency contrel. The results are companed
with each other and with the base case,
where photovaliaie  umit
connection  in the svstem. The results
illustrated that in a case of the system
without photovoltaie units when a load 15
disconnected the frequency of the syvstem

there 15 1

mcreases 1o value S009Hr, the threshald
value (30.5Hz). This encrgrzes the over
frequency protection which in turn lcads to a
blackout in the system. Using photovoliaie
unmits without load and frequency control the
frequency s 50.841Hx whach leads to these

conscquences. At frequency of 50.84Hz the
15

zLoz aunr (L)'oN (1) ININTOA




VOLUME (1) N2.(1) June 2012

Rafa/ Solar Energy and Sustainable Development, 8-17

system performed better than at 5090z but
stll led o a blackow. However, the study
showed that by the connecting  the
photovoltaic (PY) to the system with load
and frequency controller excellent response
durimg  steady  state and  disturbance  was
demonstrated. As shown in the figure the
frequency ot the system 15 50.366Hz which
is within the limits of normal operation
Moreover by using the proposed controller
there are no oscillations o the sysiem
frequency belore restoration to s imitial
condition.

&1

3

Frequency respanse [Hz)
5
g5 5

498

Time (zec)

Figure 16: 5vatem trequency behaviour § load
decreasc)

6. CONCLUSION

The Iu'.ul-frr_'quulv.::; contriller has  been
successfully implemented and tested using
PSCADVEMTDC. A real distribution svstem
with a load scenario is used in the test. Ths
nllul}' shows that large penetration of PVs
connected near the load area with load and
frequency control has a significant impact
on the stability of the svstem. Moreover by
using the proposed controller there are no
oscillations i the system frequency before
resloralion  to ils
addition the results show that it 15 necessary
to coordinate between the central controller
and the local controllers of PV units in order
o mamtain the svstem  frequency within
[tmats

enbia]l  conmdition.  In
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