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Abstract: The current transformation of power systems is aiming towards distributed source integra-
tion and general decentralization. Renewable energy sources and support of local energy supply
create conditions for widespread use of new technologies and smart grids. As the electrical grids
become more electrically independent, the importance of frequency control will rise. Stability of the
system in such cases is no longer only relying on rotating inertia of generators as in the centralized
grid. This known scenario has already been analyzed by many with computational models for
optimal safety precautions of the grid. This paper aims to update the common home appliance
frequency characteristics through measurements and compare them to those currently used. These
devices were divided into two groups: general categorization and light sources. Subsequently,
the frequency sensitivity coefficients were evaluated and analyzed home appliances were sorted
into three categories according to the size of their frequency sensitivity coefficient values: positive,
negative, and no effect. The results were compared with studies aimed at evaluating the static load
characteristics. A simplified simulation of the frequency control, presented in the discussion section,
was carried out to determine the consequences of the newly measured characteristics and concludes
the paper.

Keywords: static load characteristics; frequency sensitivity coefficient; frequency response; home
appliances measurement; smart grid

1. Introduction

The power system is a complex nonlinear system in which operational safety and
reliability are the highest priority; these are ensured by meeting the requirements of its
stability. According to [1-4], the stability of such a system can be defined as its ability to
regain a state of operating equilibrium after being subjected to a physical disturbance so
that the entire system remains intact. The assessment of stability involves determining
the nature of the influencing instability, the significance of the disturbance, as well as
the time frame [1-4]. Earlier research studies in the field of frequency stability tended to
focus primarily on generator behavior. Even though study of the load influence on the
dynamic behavior of the system was also justified, this issue was investigated as a marginal
problem. Today, it is evident that the quantification of load behavior in the system is an
equally important factor in dynamic simulations [5]. On the other hand, load modeling
is qualitatively different from generator modeling in many aspects [6]. These difficulties
include the stochastic nature of the load, the number of load nodes in a power system,
the lack of data surrounding the load, and also uncertainties regarding the characteristics
of many load components (particularly for frequency variations) [5,7,8]. As for the most
common example, after a sudden disturbance or fault, a temporary frequency in the system
can lead to a substandard operation of devices. Furthermore, lower or higher temporal
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frequencies deviating from the nominal value of 50 Hz (60 Hz) could cause malfunctions
or even damage the connected equipment. Frequency control mechanisms were therefore
developed to overcome these situations. To further reduce any possible risks, power
system studies have to pursue better models for system components, including better load
models [9]. This consideration has an even more topical dimension in the current state of
power system transformation, which occurs due to the increase in decentralized energy
resources and local energy supply support, which create conditions for widespread use of
new technologies and smart grids.

The smart grid can be described as an electrical grid that can sensibly integrate the
activities of all its users using digital technologies, enabling two-way communication
between participants of the electricity market to improve distribution efficiency, energy use,
and other energy measures. Technically, these factors create a precondition for perceiving
the smart grid to a certain extent as a local small power system in an island operation.
The concept of such a system can be formed by households, small businesses, and their
combination with a high probability of penetration of the renewables. Consumption will
then consist of a large number and different equipment/devices, depending on the type
of customers. The downside may be that a large part of the power supply is dependent
on weather conditions, therefore predetermining the possible power fluctuations with the
ability to significantly affect the frequency in such a small network. Additionally, these
factors combined with contingencies present an increased risk of power system operation
and the equipment connected to the system.

The abovementioned reasons confirm the need to consider load characteristics in dy-
namic simulations, especially for small island plants with higher risk. Accurate load mod-
eling signifies a vital role in analyzing the frequency stability of the power system [10,11].
Undoubtedly, the load characteristics should be included in the dynamic calculations due
to more accurate results and minor frequency deviations. Our experimental measurement
confirms different behavior of the observed home appliances when using different frequen-
cies, providing their individual static frequency characteristics as a result. Subsequently;,
the impacts of these findings are demonstrated as a simplified model of frequency control.
The main purpose of the article is justified by the results, and an additional discussion of
possible further extension of these measurements is presented.

This article is organized as follows: Section 1 presents a current state-of-the-art situa-
tion and literature review; Section 2 introduces the measurement methodology and data
analysis; Section 3 contains measurement results; Section 4 applies measured results into
simplified simulation model of frequency control; Section 5 concludes the paper. Discus-
sions about measurement and simulation results have separate subsections within their
main sections as well.

Literature Review

One of the earliest thorough studies was conducted by Concordia and Ihara in 1982 [6],
where much of the basic electrical equipment was studied and divided into categories,
mostly considering the appearance of motors in the equipment. However, data collected
in this article are possibly no longer accurate enough because of the nearly 30-year gap
and very few other measurements being taken and published. In [5], the authors highlight
the need for proper modeling considerations, including load dynamic characteristics. The
requirement was based on the questionnaire sent to major industry representatives in
North America, of which approximately 50% were unsatisfied with the currently used
load models. Further improvement of load models has been divided into the measure-
ments [12,13] and the mathematical model creation [13-19]. As the models are evolving
and the electrical devices are changing, there is a necessity for updating such load character-
istics for appliances. There are studies considering the detailed planning of the distribution
networks based on the expected load characteristics [20] or classifying the users based
on their load characteristics for “effective guidance electric energy conservation as well
as to better realize peak load shifting” [21]. Some studies go even further and aim at a
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specific topic—for example, shipboard microgrid load characteristics determination [22].
The IEC Smart Grid Standardization Roadmap tells us that there are many innovations on
the way, many of which are part of the small electrical device category [23]. Some papers,
such as [24-27], deal with these issues, but the load frequency characteristics are often
missing. Most actual results are used in modern grid studies such as [28-33]. It is of the
utmost importance to carry on contingency analyses, static and dynamic stability, and
other frequency control studies [34-38]. This is also connected with the implementation of
energy storage systems [39,40], expected rapid electromobility growth [41,42], and demand
response management [43,44]. This paper aims to be another important update in terms
of the smaller electrical loads and their frequency characteristics, which is an important
baseline for many substantial safety and operation studies of the grid.

2. Measurement and Data Analysis

Load-frequency characteristics of single-phase home appliances specified in Table 1
were measured. They can be further categorized as follows Table 2:

e  General categorization:

O resistive loads (R);
O motoric loads (M);
O loads with electronic ballast (EB);
O loads with magnetic ballast (MB).

e Light sources:

O light sources with magnetic ballast (LM);
O light sources with electronic ballast (LE);
O resistive light sources (LR).

Table 1. List of measured single-phase home appliances.

Device Nominal Power [W] Reference Remark and Operation Modes
Ballast: Helvar 36 A-T,
Linear Fluorescent Lamp 36.0 Capacitor: 4.5 uF = 10% Magnetic Ballast
Lamp: Osram Dulux L 36 W /840
Ballast: Helvar NK 70 LUP,
High-Pressure Sodium Lamp A 70.0 Lamp: Co?;;cxllts;i;fop)lz I:\Tt Al\(; (/SON)—T Magnetic Ballast
70 W 4Y
Ballast: Helvar NK 100 LUP,
High-Pressure Sodium Lamp B 100.0 Lamp: %aslzaaﬁtgilgfg; Ijl: Al\(])ﬁ 100 W Magnetic Ballast
Super 4Y
Compact fluorescent Lamp 15.0 GM Electronic, Spiral 15 W Electronic Ballast
Driver: Optotronic OT FIT
LED Lamp A 50.0 75/220-240/550 D LT2 Nondimmable
LED: Acemi 0167
openLED Lamp B 55.0 Cityled, CL 17-55 W B Nondimmable
Wi-Fi Router 8.0 MSI, RG54G3 No PC Connected
LCD Monitor 17” 33.0 Philips 170B5 White Screen
CRT Television 28” 85.0 Philips, 28PT4475/58 White Noise screen
Video Projector 300.0 Benqg, MP670 (Metal Halide Lamp) White Screen
Small Speakers 15 Genius, SP-Q06 White Noise Sound
Incandescent Lamp 25.0 Tesla, 741 Resistive light sources
Microwave 800 W;
Microwave 1200.0 Daewoo, KOG-370AA Grill 1050 W (operated at maximum
microwave);
stand by
Heat Gun 2000.0 Parkside, PHLG 2000 E4 -
Vacuum Cleaner 800.0 Sencor, SVC 730RD -
Refrigerator 100.0 Calex, C275.1/6829 Operated After Long Downtime
Air Conditioner 1350.0 Comfee, MPD1-12CRN1 -
Rod Mixer A 600.0 Silvercrest, SSM 300 A1l No Load
Rod Mixer B 300.0 Bosch, MSM 66150 No Load
Hair Dryer 1400.0 ETA, 432090000 -

All stated home appliances have nominal voltage of 230 V, 50 Hz.
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Table 2. List of categorizations of measured home appliances.

Device General Categorization Light Source Category
Linear Fluorescent Lamp MB LM
High-Pressure Sodium Lamp A MB LM
High-Pressure Sodium Lamp B MB LM
Compact fluorescent Lamp EB LE
LED Lamp A EB LE
LED Lamp B EB LE
Wi-Fi Router EB -
LCD Monitor 17” EB -
CRT Television 28” EB -
Video Projector EB -
Small Speakers EB -
Microwave—stand by EB -
Incandescent Lamp R LR
Microwave R -
Heat Gun R -
Vacuum Cleaner M -
Refrigerator M -
Air Conditioner M -
Rod Mixer A M -
Rod Mixer B M -
Hair Dryer M -

2.1. Measurement

The measurements aimed to analyze the behavior of household appliances when
changing the frequency of the supply voltage. Measurement of frequency characteristics
was performed in the range of 46.9 to 53.1 Hz. This range was chosen for the operation
of on-grid and off-grid networks. To better capture the behavior of the appliances, they
were measured from the lowest to the highest frequency, then repeated in reversed order,
creating the full frequency range loop. The frequency step was 0.01 Hz and voltage was set
to 230 V during all measurements. The workplace was fully automated for the repeatability
of the measurements. The layout of the measuring apparatus is pictured in Figure 1.

Programmable Precision voltage Measured
power supply and current meter device

Labview software

Figure 1. Measuring apparatus layout.

Each appliance measurement was performed by setting the value of frequency, sta-
bilizing the observed properties, and then reading electrical parameters. Two types of
cycles were realized: slow and fast. In the slow cycle, the stabilization time was 10 s, and
in the fast cycle, it was 2 s. Specific time conditions during the measurement are pictured
in Figure 2, which makes it possible to analyze the inertia of these devices. The chosen
methodology is characterized by high measurement accuracy but lacks the versatility to
measure all possible devices. Our measured appliances therefore needed to satisfy two
conditions: (a) constant power consumption in a specified time; (b) primary usage in
households. Such devices were selected and they are summarized in Table 1.
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Slow Cycle Fast Cycle

o 200 400 600 BOD 1000 1200 1400 1600
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Figure 2. Specific time conditions during the measurement of selected devices.

The power supply was programmable AC source Chroma 61,505 with declared distor-
tion under 0.3 at 50/60 Hz in connection with Reference Standard RS 3330E with maximum
errors shown in Table 3.

Table 3. Maximum errors of measured values.

Value Maximum Error
Voltage 0.0100%
Current 0.0100%

Active Power 0.0200%
Reactive Power 0.0200%
Apparent Power 0.0200%
Angle 0.0020°
Frequency 0.0001 Hz
Distortion 0.0050%

2.2. Data Analysis

Analyzed outputs of the measurement are values of active P and reactive power Q for
each measured frequency and timestamp. Additional information from measurement is the
total harmonic distortion of current (THDi) and power factor (PF). From this information,
frequency bias factor (as stated in (1), generally defined as production and demand by the
same manner) and frequency sensitivity coefficient (Kp), for all measured quantities, were
calculated as stated in (2)—(5):

frequency bias factor K = AP 1)
Af
frequency sensitivity coef ficient Kp = AP fu (2
Af Py,
frequency sensitivity coef ficient Ko = AQ fu (©)]
Af Qn
AP fy
Krhpi = Af THDI, (4)
__ APF fy
Kpp=— 7 D, ©)

where:

f [Hz]—frequency;

n [—]—index of nominal, reference, per unit, value of P, Q, THDi and PF nominal
frequency f, 50 [Hz].

The frequency sensitivity coefficient Kp was evaluated as the linear regression slope
calculated from measured scattered data of each quantity as a function of frequency. The
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frequency interval 48-52 Hz was selected for evaluation due to the linearity of measured
data in the interval. In practice, the devices also do not operate outside the selected
frequency range. In general, the frequency sensitivity coefficient can be calculated without
the application of per unit. However, it is necessary to use per unit values for comparison
of different nominal power home appliances. Additionally, the frequency sensitivity
coefficient without per unit frequency Kgp was calculated by altering Equation (2) resulting
in Equation (6).
o AP 1
N

The same applies to other quantities such as Q, THDi, and PF, using altered versions
of Equations (3)—(5) in a similar manner. Figures 3 and 4 show examples of analyzed Kp
and Ky obtained by (2), (5) and (6). Figures 5 and 6 represent all analyzed coefficients for
Wi-Fi router as an example. In every case, the root mean square deviation (RMSD) was
evaluated as well. RMSD is commonly used to evaluate the difference between measured
and predicted data. In our case, the prediction is represented by a linear regression.

(6)

1.20 1.20
—— Mean —— Mean
115 —— Lin.reg 1.15 —— Lin.reg
Raw data Raw data
1.10 SO 1.10
_ 105 1051 e
I |
5 1.00 5 1.00 o
< <
a
0.95 1 = 0.951 PO
P,= 87.4876 [W] TTTH P,=1166.374 [W]
0.90 1 K = -0.033 [Hz™!] 0.90 K = 0.0225 [Hz™1]
Kp = -1.6489 [—] Kp = 1.1245 [-]
0.85 RMSD = 1.021 [%] 0.85 RMSD = 0.2229 [%]
0.80 T T T T T T T 0.80 . . r T . . r
47 48 49 50 51 52 53 47 48 49 50 51 52 53
f [Hz] f [Hz]
(a) (b)
Figure 3. Example of the analyzed result of static load characteristic of (a) high-pressure sodium Lamp (70 W); (b) microwave
with grill (1050 W)
1.20 1.20
—— Mean —— Mean
115 — Lin.reg 1.15 — Lin.reg
Raw data Raw data
1.10 1.101
_ 105 _1.054
| |
5 1.00 e feteseesees | 51,00 e eeees
< 3
a -8
0.95 0.95 4
P,= 767.3913 [W] P,= 955.4496 [W]
0.90 Kz = -0.0008 [Hz™1] 0.90 1 K = -0.0003 [Hz™1]
Kp = -0.0398 [-] Kp = -0.0175 [-]
0.85 RMSD = 0.7439 [%] 0.85 RMSD = 0.1371 [%]
0.80 : : : : : : : 0.80 ; . : ; . ; ;
47 48 49 50 51 52 53 47 48 49 50 51 52 53
f[Hz] f[Hz]
(a) (b)

Figure 4. Example of the analyzed result of static load characteristic of (a) vacuum cleaner (800 W); (b) and heat gun
(2000 W) operated at half power.
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Figure 5. Example of the analyzed characteristics of Wi-Fi router (a) Kp, Kpp; (b) Ko, Krp.

—— Mean
—— Lin.reg
Raw data

Wj‘ s

THDi,= 31.7851 [-]
Krrpi = 0.0106 [Hz™']
Krupi = 0.5294 [—]
RMSD = 0.5685 [%]

e

47 48 49 50 51 52 53
f [Hz]

(a)

PF (-]

1.01

0.5 1

0.0 1

-1.04

—— Mean
PO —— Lin.reg
Raw data

PF, = 0.8731 [-]

Kppe = 0.0063 [Hz™!]

Kpr = 0.3146 [—]

RMSD = 0.5074 [%]
47 48 49 50 51 52 53

f [Hz]

Figure 6. Example of the analyzed characteristics of Wi-Fi router. (a) Keryp;, Krupi; (b) Kepr, Kpr-

3. Measurement Results

Tables 4 and 5 show the results of chosen parameters related to analyses of static
frequency characteristics. Furthermore, they compare them by general categorization.
Results in Table 4 refer to the evaluation of Kp and Kryp;, while results in Table 5 show Kg
and Kpr results. In all cases, the nominal (50 Hz) value of the quantity is stated along with
RMSD. Based on the results, analyzed home appliances can be sorted according to the size
of the frequency sensitivity coefficient value (Table 4):

e  positive: Kp > 0.01;
e negative: Kp < —0.01;

e no effect (negligible): —0.01 < Kp < 0.01.
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Table 4. Results of analyzed single-phase home appliances.
Measured
Device Acive  Kpl] RMSD Measured o] RMSDI[%] Reg. Effect
[%] THD:i [-]
Power [W]

Linear Fluorescent Lamp 43.81 —1.29 0.26 22.19 0.09 0.48 Neg
High-Pressure Sodium Lamp A 87.49 —1.65 1.02 7.06 —1.46 2.87 Neg
High-Pressure Sodium Lamp B 107.60 —1.96 1.42 17.31 0.00 1.35 Neg

Compact Fluorescent Lamp 13.52 0.08 0.73 75.27 0.17 0.15 Pos
LED Lamp A 49.50 0.00 0.08 14.3 —0.10 0.50 no
LED Lamp B 56.00 0.00 0.11 5.81 0.68 1.44 no
Wi-Fi Router 4.93 —0.17 2.38 31.79 0.53 0.57 Neg

LCD Monitor 17” 25.42 —0.04 0.81 88.97 0.00 0.15 Neg
CRT Television 28” 53.81 0.04 0.80 88.00 —0.01 0.11 Pos
Video Projector 268.95 0.00 0.11 7.46 —1.03 1.40 no
Small Speakers 1.43 0.01 1.43 95.71 —0.01 0.06 no
Microwave—stand by 2.06 —2.61 0.93 46.57 —0.97 0.19 Neg
Incandescent Lamp 25.54 —0.01 0.09 1.12 —0.93 0.50 no
Microwave 1174.22 1.02 0.26 22.29 —3.91 0.65 Pos
Heat Gun 955.45 —0.02 0.14 0.57 0.20 3.15 Neg
Vacuum Cleaner 767.39 —0.04 0.74 5.95 0.05 0.91 Neg
Refrigerator 113.03 0.41 0.41 9.43 0.22 0.36 Pos
Air Conditioner 1121.09 0.79 0.10 17.18 —3.69 0.59 Pos
Rod Mixer A 5.96 —1.05 1.91 95.30 0.09 0.16 Neg
Rod Mixer B 28.84 —0.13 0.57 77.37 —0.03 0.11 Neg
Hair Dryer 590.07 0.18 1.84 25.76 —0.58 452 Pos
Orange—MB (magnetic ballast), Blue—EB (electronic ballast), Red—R (resistive), and Green—M (motor).
Table 5. Results of analyzed single-phase home appliances.
Measured
Device Reactive Power Kg [-] RMSD [%] Measured PF[-] Kpp[-] RMSD [%]
[VAr]

Linear Fluorescent Lamp 16.55 —10.72 3.33 0.94 1.10 0.45
Hight Pressure Sodium Lamp A 209.51 —0.79 1.21 0.39 —0.28 0.72
Hight Pressure Sodium Lamp B 74.64 —5.90 5.07 0.82 1.05 1.69

Compact fluorescent Lamp —18.34 0.29 0.72 0.59 —0.08 0.09

LED Lamp A —16.00 0.51 0.10 0.95 —0.05 0.01
LED Lamp B —19.22 0.86 0.17 0.95 —0.09 0.02
Wi-Fi Router 2.74 —1.67 0.44 0.87 0.31 0.51
LCD Monitor 17” —53.16 0.02 0.44 0.43 —0.02 0.29
CRT Television 28” —101.39 —0.04 043 0.47 0.03 0.18
Video Projector —36.57 —0.01 0.65 0.99 0.00 0.01
Small Speakers —4.76 —0.12 0.88 0.29 0.03 0.18
Microwave—stand by 3.30 —7.39 1.75 0.53 1.81 0.33
Incandescent Lamp —0.40 —0.99 0.27 1.00 0.00 0.00
Microwave 334.43 —8.12 2.53 0.96 0.67 0.30
Heat Gun —5.73 0.10 1.06 1.00 0.00 0.00
Vacuum Cleaner 108.24 0.74 0.81 0.99 —0.01 0.02
Refrigerator 122.54 —0.94 0.12 0.68 0.50 0.15
—10.35 1.16

(47-50.2 Hz) (47-50.2 Hz)

Air Conditioner 190.50 ( S(I 21_0511'5512) G 0;%;59171_&) 0.98 0.18 0.22
—1.99 0.55

(50.5-51 Hz) (50.5-51 Hz)
Rod Mixer A 20.74 —0.38 1.35 0.28 —0.17 0.17
Rod Mixer B 5.05 —22.72 119.83 0.63 0.02 0.07
Hair Dryer —121.02 1.35 14.57 0.90 0.15 1.60

Orange—MB (magnetic ballast), Blue—EB (electronic ballast), Red—R (resistive), and Green—M (motor).
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The graph in Figure 7 shows a comparison of analyzed single-phase home appliances
with a negative value of frequency sensitivity coefficient Kp. These devices increase the
active power consumption with a positive change in frequency and thus counteract the
character of frequency control (production/generator control). The frequency control
character is also determined by the frequency sensitivity coefficient or, in other words, the
sum of the coefficients of the generators involved in the frequency control. In this case,
the system (control area) must have a control reserve to maintain the required frequency
value for contingency situations. The next graph shows the measured loads with a positive
value of frequency sensitivity coefficient Kp. These devices work in conjunction with the
frequency control (production/generator control)—i.e., devices positively affect frequency
control because of self-regulating behavior. A comparison of the measured light sources
is shown in Table 6. The evaluation of the measured loads showed in one case a certain
interest in comparison with other loads. As shown in Table 5, the air conditioner has three

different Ko, which differs by frequency range. This is because the static characteristic is

not linear (Figure 8).

0.5

fpul

Linear Fluorescent Lamp 36 W
—— Hight Pressure Sodium Lamp A 70W
Hight Pressure Sodium Lamp B 100W
Microwave - stand by 1200 W
——LCD Monitor 17" 33 W
——Heat Gun 2000 W
——Vacuum Cleaner 800 W
—— WiFi Router 8 W

-05

-1

1 05 0 05
Ppu -l

(a)

fpu -]

05

-05

—— Compact fluorescent Lamp 15 W
CRT Television 28" 85W
—— Microwave 1200 W
——Refrigerator 100 W
Air Conditioner 1350 W
Hair Dryer 0.18 W

-05

[+] 05 1

Ppu. -]

(b)

Figure 7. Graphical comparison of analyzed single-phase appliances according to the value of frequency sensitivity

coefficient (a) negative: Kp < —0.01; (b) positive: Kp > 0.01.

Table 6. Comparison of light sources.

) Light Source
Device Kp [-] KQ [-] KTHDi [-] Kpp [-] Category
LmearLF ;Ef;rescent ~1.29 ~10.72 0.09 1.10 Light sources
High-Pressure Sodium with magnetic
Lomp A ~1.65 ~0.79 ~1.46 ~0.28 ballast
High-Pressure Sodium 196 _590 0.00 1.05
Lamp B
Compaitaif;resce“t 0.08 0.29 0.17 ~008  Lightsources
LED Lamp A 0.00 051 ~0.10 ~0.05 Wlthbelﬁdmmc
LED Lamp B 0.00 0.86 0.68 ~0.09 allast
Incandescent Lamp 001 —0.99 093 0.00 Resistive light

sources
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Figure 8. Analyzed load static characteristics of air conditioner (a) Kp, Kip ; (b) Ko, Krg -

Discussion on Measurement Results

In the field of load modeling, research and analysis of static characteristics have been
published in a relatively large number of studies. Some studies were aimed at evaluating
the frequency sensitivity coefficients Kp and Kg. Comparison of these coefficients for
selected devices is shown in Table 7 based on three different literature sources, including
our measurement. For the coefficient Kp, it can be concluded that the results are almost
the same for stated devices—i.e., the effect on frequency control is the same. For the
coefficient Ko, it can be stated that the results differ significantly in size in some cases, but
the character of the reactive power change with the frequency change remains the same.
From the available information, it is not possible to quantify the cause of these differences.

Table 7. Comparison of the frequency sensitivity coefficient based on 3 different literature sources.

Device Kp [-] Ko [-] PF [-]
Incandescent ) 5 0.00 —0.01 0.00 0.00 —0.99 1.00 1.00 1.00
lights
Television 0.00 0.00 0.04 —450 —2.60 —0.04 0.80 N 0.47
Heat Gun - 0.00 —0.02 N 0.00 0.10 N 1.00 1.00
Refrigerator 0.53 0.50 0.41 —1.50 —1.40 —0.94 0.80 0.79 0.68
i —10.35 (47-50.2 Hz)
o 0.98 0.90 0.79 ~1.30 270  —101.52 (50.2-51 Hz) 0.90 0.97 0.98
Conditioner

—1.99 (50.5-51 Hz)

Blue—OMARA, H. “A Methodology for Determining the Load Frequency Sensitivity.” The thesis for a of Doctor of Philosophy degree, The
University of Manchester, England—Manchester, December 2012 [8]. Red—Concordia, C., and S. Thara. “Load Representation in Power System
Stability Studies.” IEEE Transactions on Power Apparatus and Systems PAS-101, no. 4 (April 1982) [6]. Green—our measurement results.

Based on the above, the common negative side of different studies is the unspecified
methodology of measuring selected electrical variables of devices. This factor could ulti-
mately cause differences in the results for determining the static characteristics. Therefore,
the following factors should be considered in order to correct the classification of the
devices (or to divide the equipment according to the frequency sensitivity coefficient) in
terms of the effect on the frequency change:

e  Measurement methodology:

O frequency range (minimum proposed range between 47.5 and 51.5 Hz due to
requirements on generating modules [45]);
O equipment stabilization (e.g., thermal, ... ).
e  Defined operating conditions of the device:
O stand-by mode;
O no-load;
O load level (average, max, ... ).
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The results shown in Table 8 confirm the operation conditions of the device can
significantly affect the incorrect determination of the coefficients Kp and Kg. This influence
can be even more pronounced when solving, e.g., dynamic simulations with frequency
deviations.

Table 8. Comparison of the frequency sensitivity coefficient of microwave—different operation conditions.

Device Kp [-] Kg [-] PF [-]
Microwave—stand by —2.61 —7.39 0.53
Microwave 1.02 —8.12 0.96

4. Impact of Measured Loads on Frequency Control in Island Operation

To assess the impact on frequency control in island operation, we considered a block
diagram of the load-frequency control for a simple single machine system, also known
as single input-single output system in case of a production outage of 10%. The control
scheme used for the simulations is shown in Figure 9. In this case, the machine model
considers a turbine used for frequency control—i.e., a simplified simulation model of
frequency control is assumed.

Primary Frequency Power System
Control API(s) Dynamics
1 1 1
» | —p » AQ(s
1+sTg 1+sTt 2Hs+D (<)
Governor Turbine Inertia and load
1 -
o <

Speed regulator

Figure 9. Primary frequency control scheme used for simulations [3].

The isolated island operation had the following parameters:

turbine time constant (Tt) = 0.5 s;

governor time constant (Tg) = 0.2 s;

governor speed regulator (droop characteristic) (R) = 5%;
inertia time constant (H) =5's;

damping constant (D) (or Kp for load—measured device);
power load change (API) = —10% (generation outage).

Furthermore, we considered measured data of simple appliances divided into three
categories according to the frequency sensitivity coefficient. The simulations were per-
formed for each separately measured device—i.e., the total load in island operation was
always characteristic for only one device. Within the simulations, we only considered the
primary frequency control (without automatic generation control) as a sufficient approach
to frequency deviation assessment. The closed-loop transfer function relating the fixed
generation step change, —API(s), which is commonly assumed for the frequency control to
the angular frequency deviation from the nominal reference (50 Hz), AC)(s), can be defined
according to Figure 10 as (7) or (8):

AQ)(s) (14 Tgs)(1+ Tts)

ZAPI(s) (5) = (2Hs + K_P)(1+ Tgs)(1+ Tts) + % 7
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AQ(s) = —API(s)T(s) 8)

1
-4Pl(s) | ZHs+ K_P » Ao

1
R(1+sTg)(1+sTt)

Figure 10. Load frequency control diagram with input API(s) and output AQ)(s).
Then, we can consider the generation change as a step input:

©)
Utilizing the final value theorem, the steady state value of Aw and value of quasi-
stationary deviation Af can be calculated by the following procedure:

Aw = lim sAQ(s) = (—API) !

_ 1
s—0 K_P+ % 10)

Af = Awfy, (11)

To obtain the value of maximum (dynamic) frequency deviation Afmayx, it is necessary
to evaluate the results of a step response of dynamic system (concerning generation change
of —10%) represented by the transfer function determined for every measured device
as follows:

T(s) = (14 Tgs)(1+ Tts) (12)
(2Hs +K_P)(1+ Tgs)(1 + Tts) + &
T(s) = quadratic polynomial (13)

cubic polynomial

4.1. Discussion on Simulation Results

The results of simulations were performed for each load with the evaluation of the
following quantities:

e maximum (dynamic) frequency deviation (Afmax);
e  quasi-stationary deviation (Af).

The results in Table 9 confirm the influence assumption of the frequency sensitivity
coefficient of particular loads on the magnitude of the dynamic and quasi-stationary
frequency deviation during the primary frequency control in island operation. Graphs of
frequency responses measured by home appliances are shown in Figure 11. The frequency
response for devices without significant influence can be considered a reference waveform
within the mutual comparison. For devices with a negative frequency sensitivity coefficient,
a more significant decrease in frequency is evident after production outage. These devices
aggravate the effect of primary frequency control. Conversely, for devices with positive
frequency sensitivity coefficients, the frequency deviations were lower. These devices
derive the primary frequency control—i.e., their behavior during the frequency change
improves the effect on the frequency control. On the other hand, it is necessary to emphasize
that to know or evaluate the state frequency sensitivity coefficients Kp and Kq could be
considered as generally insufficient due to the natural behavior of electricity demand
typical of its dynamic over time in terms of magnitude. However, we can state that it is
sufficient to determine a valuable estimation in load-frequency sensitivity.
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Table 9. Simulation results after production outage of 10% considering chosen appliances as only load.

Device K [W/Hz] Kp [-] Afmax [Hz] Af [Hz] Reg. Effect
Linear Fluorescent Lamp —1.126 —1.290 —0.425 —0.267 Neg
High-Pressure Sodium Lamp A —2.885 —1.650 —0.436 —-0.272 Neg
High-Pressure Sodium Lamp B —4.209 —1.960 —0.446 -0.277 Neg
Wi-Fi Router —0.017 —0.170 —0.395 —0.252 Neg
LCD Monitor 17” —0.020 —0.040 —0.392 —0.251 Neg
Microwave—stand by —0.107 —2.610 —0.467 —0.288 Neg
Heat Gun —0.334 —0.020 —0.391 —0.250 Neg
Vacuum Cleaner —0.610 —0.040 -0.392 —0.251 Neg
Rod Mixer A —0.125 —1.050 —0.419 —0.264 Neg
Rod Mixer B —0.076 —0.130 —0.394 —0.252 Neg
LED Lamp A 0.001 0.000 —0.391 —0.250 no
LED Lamp B —0.002 0.000 —0.391 —0.250 no
Video Projector —0.003 0.000 —0.391 —0.250 no
Small Speakers 0.000 0.010 —0.391 —0.250 no
Incandescent Lamp —0.005 —0.010 —0.391 —0.250 no
Compact fluorescent Lamp 0.022 0.080 —0.389 —0.249 Pos
CRT Television 28” 0.041 0.040 —0.390 —0.250 Pos
Microwave 23.920 1.020 —0.367 —0.238 Pos
Refrigerator 0.929 0.410 —0.381 —0.245 Pos
Air Conditioner 17.701 0.790 —0.372 —0.241 Pos
Hair Dryer 2.150 0.180 —0.387 -0.25 Pos

4.2. Concerning Further Smart Grid Possibilities

The simulation results above confirmed that the dynamic frequency deviation and the
quasi-stationary load-frequency dependence in island operation could be more significant
than in large power systems. In the case of droop-based frequency control of the generation,
the load-frequency dependence influences the steady-state operating point. This type of
frequency control assumes the share of resources with inertia. Therefore, a methodology
for determining frequency-dependent characteristics of loads is necessary for such smart
grid systems. However, this scenario may face new technical challenges from the growing
number of loads and generation based on power electronics. Synchronous generators
are likely to be largely replaced by inverter-based technologies, which means loss of or
reduction in inertia. Potential disturbances in such systems can cause significant frequency
and voltage instability, leading to local blackouts in island operations. Consequently, the
restoration of such systems will probably not be able to be autonomous.

Other approaches to frequency control must be considered in the case of a large
share of renewables in the smart grid energy mix with a small inertia effect. A potential
solution for improving frequency stability with small inertia due to many inverters on
the production side is to fortify the system with virtual inertia. These virtual systems can
be established using an energy storage system and power electronics in order to meet
the requirements of a sufficient inertia value and avoid the high-frequency deviations. In
any case, both scenarios prove that probably the most important parameter for achieving
long-term stability in real operation is the presence of inertia. The same applies to the
current power system and will apply to future systems and island smart grids. On this
basis, the need to consider the static load characteristics for the operation planning of
smart grid regions is again emphasized. This methodology will also be important for
assessing the ability to operate such a smart grid. Accurate modeling of the load will
have an important role in analyzing the frequency stability of the power system. Before
modeling, the particular devices must be properly measured and their impacts correctly
verified. Subsequent faithful reproductions of the accurate responses of the devices will be
a big challenge due to the diversity of loads in distribution systems.
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Figure 11. Frequency response after production outage of 10% considering chosen appliances as loads only with (a) negative
effect; (b) no effect; (c) positive effect; (d) comparatively different effects.

5. Conclusions

This work aimed to measure selected devices commonly used at home or work
(simple single-phase home appliances) to evaluate the static frequency characteristics of
these devices. These devices were divided into two groups: general and light sources. The
following parameters were measured for each device with a frequency step of 0.01 Hz:
P, Q, THD;i, and PF. Subsequently, the following frequency sensitivity coefficients were
evaluated: Kp, Ko, Kryp; and Kpr. Based on the results, analyzed home appliances were
sorted into three categories according to the size of their frequency sensitivity coefficient
values: positive, negative, and no effect (negligible).

The shown results were compared with studies aimed at evaluating the static load
characteristics. For the coefficient Kp, the results are comparable (almost the same), but for
the coefficient K, the results are more variable and, in some cases, significantly different.
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From the available information, it is not possible to quantify the cause of these differences.
The comparison confirmed the need to define a uniform measurement methodology (fre-
quency range and equipment/device stabilization condition during the measurement). In
this context, there is also a uniform definition of operating conditions of the device to deter-
mine the frequency sensitivity coefficient. This requirement is essential, and confirmed our
evaluation of the microwave device. In normal operation, the coefficient Kp had a positive
value and a negative value in standby mode. The available studies on this issue do not
provide any additional information on the measurement method, and only the results are
available. For this reason, it is not possible to make a correct comparison. However, it can
be stated that the results have the same characteristics. Further, the evaluated frequency
sensitivity coefficient was used to assess the impact of measured devices on frequency
control in island operation. During the island operation, droop-based frequency control of
the generation and a production outage of 10% were considered. The results confirmed
the influence assumption of the frequency sensitivity coefficient of particular loads on
the magnitude of the dynamic and quasi-stationary frequency deviation during the pri-
mary frequency control in island operation. Devices/loads may have either stabilizing or
destabilizing effects depending on the static frequency characteristic. It has been shown
that system stability can increase with higher positive frequency sensitivity coefficient
Kp values and decreased with lower negative values. It has also been shown that the
static load characteristic can have a decisive influence on the system frequency instability,
especially in small island operation or a smart grid system. The available studies [6,8,28]
on frequency response indicate the same results. Based on the above, it is clear that static
load characteristics in simulation calculations are significant. In order to achieve correct
frequency response results, it is necessary to have the correct input data. Therefore, these
characteristics must be measured and evaluated with sufficient accuracy.
There are several areas where further research is needed, including:

e identification and organization of more data of household appliances in more detail
and, if possible, creation of common data groups so that that load group composition
may be estimated more easily and reliably;

e measurement of static load characteristics of a wider group of the same type of devices
(improvement of current statistics and addition of new types of loads);
measurement of static characteristics of three-phase devices (a wider group of devices);
analysis of the frequency response in island operation concerning a larger number of
devices with different frequency sensitivity coefficients;

e focusing on devices with reactive power consumption—the operating impedance is
frequency-dependent.
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