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ABSTRACT

Frequency  subordinate  loads
characteristically add to  essential
frequency reaction. This venture depicts
extra commitment to essential frequency
control in light of voltage subordinate
noncritical (NC) loads that can endure a
wide variety of supply voltage. By
utilizing a progression of receptive
compensators to decouple the NC load
from the mains to frame a smart load (SL),
the voltage, and hence the dynamic energy
of the NC load, can be controlled to
manage the mains frequency. The extent of
this venture concentrates essentially on
responsive compensators for which just the
greatness of the infused voltage could be
controlled while keeping up the quadrature
connection between the current and
voltage. The viability of the SLs in
enhancing mains frequency control
without considering frequency-subordinate
loads and with little unwinding in mains
voltage tolerance is illustrated.
Affectability examination is included to
demonstrate the viability and confinements
of SLs for changing load control factors,
extent of SLs, and framework
qualities.The effectiveness of SL s
presented by incorporating in an IEEE 37
node test feeder.

Key Words; Demand response(DR)
Demand side management (DSM),
Primary frequency control, Statcom, Smart
load(SL), Reactive compensator, Voltage
control.

I.INTRODUCTION

Power systems are inclined to
experience the ill effects of disturbances,
which may prompt wide outings of its
factors and cause hardware harm.
Disturbances might be either little or huge
relying upon their quality. The previous
happen as consistent little load changes in
the system and can more often than not be
translated as a little flag stability issue. The
last are identified with occasions of a
serious sort, for example, transmission line
short-circuit, the stumbling of a generator
or a high measure of load and fall in the
classification of the transient stability
issue. The bigger a power system, the
more grounded and stronger it is as for the
impacts of substantial disturbances, which
cause the most noteworthy trips of system
factors. Controllers are utilized to add to
the protected operation of the power
system by keeping up system voltages,
frequency, and other system factors inside
adequate cutoff points[1]-[2]. Direction of
frequency is firmly identified with
dynamic power control while voltage
control is firmly identified with receptive
power control. These two control
arrangements can in this way be dealt with
independently for an expansive class of
issues. Keeping up system frequency
almost steady guarantees that the speed of
enlistment and synchronous engines does
not sway in an uncontrolled way. A
consistent speed of engine drives is
especially imperative for an acceptable
performance of producing units as they are
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very subject to the behavior of all the
assistant drives, which are related with the
fuel, the sustain water and the ignition air
supply systems. As has been noted some
time recently, system frequency and
dynamic power balance are entwined[3].
This suggests an adjustment in dynamic
power request at one point in the system is
proliferated all through the system as an
adjustment in frequency.

The accessibility of numerous
generators providing power, circulated all
through the system, suggests that a way to
allot power request change to the
generators ought to be given[5]. A
controller named speed senator is typically
introduced on each producing unit. It has
the ability to control the unit's mechanical
power and the system frequency, a
function generally named as load-
frequency control or essential frequency
control[6]-[7]. A unit's mechanical power
is controlled by following up on the
measure of asset accessible for vitality
change. The increasing entrance of
circulated era (DG) in the power
framework will bring about a lessening of
the quantity of associated ordinary power
plants, which are these days in charge of
control of the power organize
frequency[8]. At present DG units don't
add to frequency control. With increasing
entrance of DG it will wind up plainly
vital, in any case, that they additionally
add to frequency contro. A critical piece of
the DG units are associated with the
framework by a power electronic
converter[9]-[10]. It is conceivable to
execute extra control in this converter to
give the DG unit a chance to add to
frequency control.

I.LMODELLING OF SMART LOAD

ASMARTLOAD WITH
COMPENSATION (SLQ)

REACTIVE

A compensator is a converter
with a dc connect that infuses a voltage
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with controllable greatness (VES) and
stage point in arrangement with the NC
load as appeared in Fig.l. The voltage
over the NC loads is in this manner
controlled (inside admissible limits) and
the dynamic/receptive power devoured by
it is balanced. In the event that the infused
voltage is kept up in quadrature with the
present stream, there is no dynamic power
commitment from the compensator. This
kind of SL is called and is appeared in
Fig.1.Neglecting the power misfortune in
the converter, the dynamic power
utilization of the SL is equivalent to the
dynamic power utilization of the NC load
(PNC). The aggregate receptive power of
the SL (QSL) is equivalent to the
arithmetical entirety of responsive powers
of the compensator and the NC load (QSL).
The converter is controlled to keep up and,
where just the size of the embedded
voltage (VES) is differed while keeping the
stage point. Concurrent control of both
dynamic and responsive power of SL is
unrealistic with a SLQ. Either the dynamic
or the receptive power of the SL can be
controlled (contingent upon the R/Xratio of
the system) to control the supply voltage.

Supply feeder

(Oes = rxf. ,,\Tr
- - _,r/ol vﬁ)u- + (es

A @3 I
,,(_ \I 4 Fes 907 |
| =P | i)

Conwverter I=0

MNon—critical Fne
load
Znc L e

Fig.l Smart load with reactive

compensation (SLQ)
B.TYPES OF COMPENSATION MODES

There are two sorts of
remuneration modes they are inductive
compensation mode and capacitive
compensation mode. In the examination
straightforward ~ impedance-sort  load
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portrayal is utilized for the NC
loads.Frequency dependence of the loads
is fail to segregate the commitment to
essential frequency reaction from voltage
dependence alone. As most impedance sort
loads are of resistive-inductive (R-L)
nature. Notwithstanding, the inferences are
general and are appropriate to resistive-
capacitive loads also.

(b) Capacitive compensation mode
Fig.2 Phasor schematic for SLQ

For a R-L-type SLQ, the
phasor diagrams are shown in Fig.2 for (a)
inductive and (b) capacitive compensation
modes.From the phasor diagrams, the
relationship between the voltages across
the compensator (Vg ), the NC load (Vi)
and the mains (V) can be expressed as

shown in Eq.1.
L L8.=T, L 418, f |

Since Oggis £90°. Eq.1 can be written as
Eqg.2 and Eq.3 by cosine rule.
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r2 _ 72 /2 AT . _
Ve =Vig +Ves £ Wyl g5 COS(dye ~Ogs) q.2
72 _ ;2 /2, i
Ve =Vye+ Vs £ Wyl gs ST e )
Eq.3

The positive and negative sign corresponds
to the inductive and capacitive
compensation modes, respectively.Using
Ve =l XZyc, the compensator voltage (

Vi) in inductive compensation mode can

be expressed in terms of the current (1) and
supply or mains voltage (V. ) as shown in

Eq.4.

Vg =Ly sidyo 1y IC? ~(Zy sy

=-F(LJ)) Eq4

While in capacitive
compensation mode, Vg can be expressed
in terms of the current (I) and supply or
mains voltage (V. ) as shown in Eq.5.

2

Vs = +Zye S o £V ~(Zyp S )

A Eg.5

It can be seen that in
inductive compensation mode, there is
only one possible value for Vg

corresponding to a value of | andV, as the

second root of Eq.4 will always be
fictitious(negative). However, it is possible
to have two values of V¢ corresponding to

a value of I and V. in capacitive
compensation mode.

C.ACTIVE AND REACTIVE P@é{VFR
CAPABILITY ’

It is important to estimate the
active and reactive power capabilities of
the SLs in order to evaluate their
effectiveness in primary frequency control.
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SLQ capability

In order to draw the
capability curve for SLQ, all possible
values of Vnc over a range of values of Ves
(0-1 p.u) under both possible phase
angles (fes=+90%andfes=—90°). This can
be used to find out the values of the active
and the reactive powers of SLQ as given
by following Eq.6, Eq.7 and Eq.8.

2
Py =Py - Ve coslfyic) Eq6
N
05 =0gs +0xc Eq7
2 .
Ost = Hele st s +L im(%"?) Eqs8

Where the positive and negative sign of
Qes corresponds to the inductive and
capacitive compensation modes,
respectively. IfPs.0andQscoare the values
of SL active and reactive powers with no
compensation (Ves=0). Change in active
and reactive powers are shown in Eq.9, Eq.
10, Eq. 11 and Eq. 12.

APy =Py -Pp Eq.9
AP :V.-%'CCOS@,\’C]_V(% cos(fc) B10
T e Iy '
Mgz = st -Os Fg 11

c vl y
agy=2esie e sinye) Ve snidyc) Fy 12

Iye Ly Iy

The capability of an SLQ is shown in Fig.3
for two different pfs of the NC load [12].
The thin dotted lines represent the whole
range without any constraint on the
magnitude of Vnc,while the thick solid
lines represent the region in which Vnc is
limited within the range of 0.8-1.2 p.u.
There is no restriction on the ES reactive
power (Qes).The change in the active (
AP ) and reactive ( AQg ) powers are

shown in Fig.3(a). For unity pf NC load

(green trace),there are no positive values
for APy as Vnc cannot be larger than the

supply voltage [Fig.3(c)] for any value of
the Ves and 0es=+90°. Hence, a unity pf
NC load can only be used to tackle under-
voltage conditions which requires a
reduction in active power consumption
(i.e., negative AP, )of the SL.

—10pf ——0.95pflag
{13! — (.6 ~
L3 T~ 03[ "==a ™~
2 20
@;‘ 03 __,// G-03 ___,.a/
4 T = T
-6 ______/ UG S _—
09 BE== 0.9
045 03 D150 015 045 03 015 0 015
‘\'Pn‘.' palL "\‘P.w.' puL
(a) (b)
1,08 I =
1 e 0.8 \
Z 0.9 o6t
20,84 o4l
- . —_
0.76 1#° 0.2
(.68 0
-045 03 015 00 015 045 -03 -0.15 0 015
Aa”_w_. P _\P”_. Pl
(©) (d)

Fig. 3 Capability of SLQ. change in (a)
reactive power consumption of SL (y-
axis), (b) reactive compensation required
(y-axis), (c) NC load voltage(y-axis) and
(d) compensation voltage (y-axis) for
change in active power consumption of SL
(x-axis) for two different pfs.

For a 0.95 lagging power
factor [shown in Fig.3(a) (black trace)],the
active power consumption of the SL can
be varied in both directions to tackle
under- or over-voltage events. Out of the
two possible values of Ves which yields
the same AP, [Fig.3(d)], the smaller value

should be used to ensure the minimum
rating of the compensator. The capability
curve for0.95 lagging pf in Fig.3 (a) is not
symmetrical about the horizontal axis.
There is a smaller operating range on the
inductive compensation side if the SLQ is
set to operate in the reactive power control
mode. The maximum positive value of
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APy occurs at the point when the

inductive reactive power consumption of
the NC load is equal to the capacitive
reactive power of the converter. The
current flowing through the SLQ is
maximum at this point. One limitation of
an SLQ is either the active or reactive
power consumption of the SL can be
controlled. It can be seen from Fig.3(b)
that Qes is mostly negative for positive
values of APy . An increase in active

power consumption in this zone results in
a decrease in reactive power of the
SL[Fig.3(a)]. This could be a problem in
the case of an overvoltage event in
LV/MV networks with a moderate R/X
ratio where both active and reactive power
exchanges are equally critical for voltage
control.

D.CONTROL OF SMART LOAD

The control objective is to
differ the dynamic power utilization of the
SL inside the capacity of the SLQ keeping
in mind the end goal to direct the supply
frequency [13]. Variety in dynamic power
is accomplished by controlling the extent
of the voltage infused by the compensator
which causes the voltage over the NC load
to fluctuate inside as far as possible. The
control circle is appeared in Fig.4.

Ve singye tindye Vcmax
Z,-\-(' 2 NC

fnf Af k \,"(.7} !
Dead
Bl band ~Vicaspne § Vxic
Zne Zyc

s s [ Ves=tFULVe), Vig 20
Af>0 s = -90° (capacitive)

Ve—j
no

| Veg=-FLV), Vs 20
g =+90° (inductive)

To
.’ g
Vesn inverter
Ok, cONrol

Fig4 Control loop for frequency
regulation using R-L-type SLQ

An ideal phase-lock-loop (PLL) is
assumed for frequency measurement. Any
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difference ( Af ) between the reference (
f.s ) and measured ( f. ) frequency is
filtered through a dead band(x0.01 Hz)and
multiplied by a droop gain D= (0.215/ Py,
)to calculate the required change in active
power (AP ) consumed by the SL about
its nominal value ( Pg,). The value of
AP, 4 is limited based on the maximum
and minimum possible values calculated
from the supply voltage (V. ), and the NC
load impedance (ZycZ¢yc ). The active

power to be consumed by the SL at a given
instant (P, ) is obtained by adding up the
nominal power(Psio) and the desired
change ( AP ).As the compensator
exchanges only reactive power, the current
() through the SL is obtained by
calculating square root of Py, divided by

Rne - The current magnitude is limited

based on the acceptable limits (Vnc-max-
Vne-min) ON the voltage across the NC load
using its impedance ( Zc ).From I, the

magnitude of the injected voltage (Vgg)

can be derived using (Eg.4) and (EQ.5).
The phase angle of the injected voltage (
05 ) would be set according to the sign of

Af as shown in Fig.5. Capacitive
compensation ( fgs = -90°) reduces Py,
while an inductive compensation (
Os =+90° ) is more effective in
increasing Ps, .An additional benefit is that

inductive  (capacitive) ~ compensation
decreases (increases) the supply or mains
voltage slightly which would result in
decrease (increase) in power consumption
of  other  voltage-dependent  loads
connected to the mains which helps the
frequency regulation further.

To determine the magnitude ofVg, the

corresponding positive and real solutions
of (Eg.4) and (Eqg.5) are considered. If
there are multiple positive real solutions,
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the minimum value of Vs is selected to

ensure minimum reactive capacity (
Qgs =Vgs x 1) of the compensator. The

reference values of the voltage magnitude (
Vs ) and the phase angle ( fgg )are

provided to the standard control system of
the inverter. An ideal tracking response is
assumed for the inverters so that the
reference values of the compensator
voltage (Ves_rer » @es_rer )are the same as

their actual (Vgs, 0gs ) values. For a

practical inverter, the non-ideal behaviour
of the PLL has to be considered, the time
delay for the inverter control, and
dynamics of the dc link which might cause
the phase angle to change a little from the

reference angle (+90°) in transient state
to account for the losses in the inverter.

I11. IEEE 37 NODE TEST FEEDER

This feeder is a genuine feeder
in California, with a 4.8 kV working
voltage. It is described by delta designed,
all line portions are underground,
substation voltage direction is two single-
stage open-delta controllers, spot loads,
and exceptionally unbalanced. The single
line chart of IEEE 37 hub test feeder is
appeared in Fig.5.

T €724
12 - T07
P 701
742 I 713 TO4
- - . 720
05 02
14
* 705
20 44 2 P
s 718

L EE] 775
710 P 734
I 740

737 738 711 741

Fig. 5 IEEE 37 node test feeder

A.MATHEMATICAL MODELLING OF IEEE
37-BUS TEST SYSTEM
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The supply frequency is a worldwide
variable which is influenced by the
consolidated activity of a few generators
and loads associated at the mass power
transmission and appropriation systems,
separately. It is not direct to lead recreation
thinks about with definite portrayal of both
mass power transmission system and low-
or medium-voltage (LV/MV)distribution
arrange. Hence, totaled portrayal of the
LV/MV arranges as lumped loads is
regularly utilized for frequency control
examines. As the SLs would be conveyed
at the LV/MV level inside the
dissemination arrange, collected portrayal
of LV/MV organizes as loads would not be
satisfactory. Consequently, a two-section
base up and top-down approach as
appeared in Fig.6.

Detailed dynamic model Equivalent
of multi-machine power { representation of |
systems at HV { upstream system }

transmission level Top-down Bottom-up

Detailed representation

of MV/LV network
with accurate load
models

Rt
Equivalent load models
aggregated at the HV level

Fig. 6 Top-down and bottom-up
approaches for system modeling

IV.TESTSYSTEM AND RESULTS
ATESTSYSTEM

A  standard  appropriation
system, the IEEE 37-transport test system,
appeared in Fig.9 is considered for the
reproduction. It is a three-stage medium
voltage spiral appropriation system with
both single stage and unbalanced three
stage loads. There are 32 static loads with
a blend of steady impedance (2),
consistent current (1), and steady power (P)
i.e., ZIP qualities. Around half of these
loads are considered as noncritical [14]
and thought to be of absolutely impedance
sort while alternate loads (associated with
the supply or mains) are spoken to by the
ZIP display. The area of SLs is the same as
the area of unique loads in the standard
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system. The IEEE 37-transport test system
information is introduced in supplement
[15].

Source
power
: reference

enerator.

22
-

Smart Load
Configuration

Fig. 7 Single line diagram of IEEE 37-
bus test system with equivalent dynamic
representation of the upstream system
at bus 799

B.RESULTS

(i) Results For Frequency Decreasing Mode

The system frequency
diminishes when request is more
prominent than era. Essential frequency
control is speedier control which re-set up
a balance amongst era and request inside
the synchronous zone at a frequency not
quite the same as the ostensible incentive
inside O to 30 sec after disturbance of the
balance amongst era and request. By
utilizing smart load rather than typical
load, the frequency deviation is less which
is appeared in Fig. 8 Supply voltage and
dynamic power varieties at the mains for
normal and smart load are appeared in Fig.
9 and Fig. 10 separately.

Frequency(Hz)
o
S

Time(sec)

(a) Frequency variation with normal load

50

Frequency(Hz)
o

498
5 & 7
Time(sec)

(b) Frequency variation with smart load

Fig. 8 Supply frequency variation in
decreasing mode
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2 3 4 5 6 7 8 9 10
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(b) Voltage variation with smart load

Fig. 9 Supply Voltage Variation in
Decreasing mode
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Fig. 10 Active

power variation in Decreasing mode
(i) Results For Frequency Increasing Mode

The system frequency
increases when request is not as much as
era. Supply frequency variety of ordinary
load and smart load for increasing mode is
appeared in Fig. 11.Supply voltage and
dynamic power varieties at the mains for
ordinary load and smart load are appeared
in Fig. 12 and Fig. 13 individually.

49.25

492
g 49.15
e
% 491
g
=
49 05
43 : i
1 2 3 4 5 6 T 8 9 10
Time(sec)
(a) Supply frequency variation with
normal load

(b) Supply frequency variation with smart

load

Fig. 11 Supply

Frequency variation in Increasing mode
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Fig. 12 Supply voltage variation in

Increasing mode
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Fig. 13 Active power variation in
Increasing mode

V.CONCLUSION

Frequency control in a power
system is a vital angle for safe operation of
power system. Frequency control should
be possible at both era and load side. Era
side frequency control takes longer time
i.e. 30 seconds to 15 minutes. So as to help
the frequency in short time, request side
control is picked i.e. essential frequency
control. Demand side control (DSM) is for
the most part utilized for frequency control
on load side, however a few loads with
steady power attributes can't be bothered.
Smart load concept is utilized to control
load power utilization through voltage
variety utilizing shunt receptive pay gadget
like STATCOM.

The viability and
confinements of SLs as far as their
commitment to essential frequency control
is exhibited in this venture. Without
considering any essential frequency
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reaction commitment from frequency
dependence of loads, the SLs all alone are
appeared to accomplish tremendously
enhanced frequency control with little
unwinding in voltage tolerance for the NC
loads and a little (portion of the load
rating) receptive compensation.With SL
utilizing responsive pay just (SLQ).the
mains voltage direction deteriorated (as yet
remaining admirably inside satisfactory
points of confinement). On the off chance
that more tightly voltage direction is a
necessity because of presence of touchy
loads, at that point SLs with both dynamic
and receptive remuneration (SLPQ) would
need to be utilized to empower
synchronous control of both frequency and
voltage this would be accounted for in a
take after on extend. Affectability
investigation is introduced to demonstrate
the adequacy of the SLQs under
fluctuating load power factors, extent of
SLs and system qualities.

Two imperative reasonable
contemplations toward acknowledging SLs
are: 1) the rating (which directs the cost
and size) of there dynamic compensator
and 2) the scope of variety in voltage cross
the NC load associated in arrangement
with  the  compensator.This  extend
demonstrates that the rating of the
responsive compensator is constrained to
under 10% of the load rating. The scope of
voltage variety can be constrained to 10%
with no noticeable effect on the
consumers.Control  of load  power
utilization through voltage variety utilizing
a shunt receptive remuneration gadget like
STATCOM will require more responsive
power as it will be more hard to change the
system voltage contrasted with the voltage
over the NC load. Likewise it will bring
about a poor voltage profile for every
single other load including the critical
load.
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