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Abstract. This paper is focused on the subject of
computational modelling, experimental validation and
performance analysis of refrigerators submitted to non-
ideal supply conditions. The model uses the time domain
approach and the expressions are implemented in the
ATP-MODELS platform. Concomitantly to the
theoretical work, laboratory procedures have been
executed in order to validate the proposal. The results
described are useful to highlight the model applicability
at investigating the relationship between distinct non-
ideal supply conditions and the equipment response. The
method finds application when considering the area of
refunding request of damage in household devices facing
anomalies in the distribution system.
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1. Introduction

In recent years, the electrical supply has presented a
variety of disturbances that can compromise the normal
operation of consumer devices. This situation may
jeopardize the residential, commercial and industrial
equipment performance and the final result can be
understood as serious affects upon the physical appliance
integrity. This is especially true for new devices using
sophisticated electronic technologies which are generally
more sensitive to the power quality [1], [2], [3].

In order to evaluate the equipment performance supplied
by electrical network under non-ideal conditions, the
present work aims at describing a mathematical
modelling and the computational implementation of one
of the most common devices in residential and
commercial electric installation, i.e. the refrigerator.
These products are constructively robust and are
characterized by several electrical and protection
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components, being the single-phase motor the most
important element. Therefore, a good representation of
this machine is essential to obtain an accurate model to
investigate its performance under electrical power supply
disturbances [4], [5].

Within this context, this paper focuses the following
topics: discussions and development of a computational
model to represent commercial refrigerators submitted to
ideal and non-ideal voltage conditions; a strategy to
represent this load in the ATP platform throughout the
well known MODELS language; the validation of the
model throughout laboratory  experiments and
corresponding computational results; the investigation of
the refrigerator performance when the supply contains
specific disturbances (voltage dip, voltage swell and
interruptions) [6], [7].

2. Domestic Refrigerator Modelling

To achieve the computational model to represent the
refrigerator, the following steps were taken:

A. Characterisation of the Investigated Device

The main electric component in the refrigerator is its
hermetic compressor, which is composed by a single-
phase induction machine built up within a metallic
carcass. The function of this element is to act as a pump
for the refrigeration cycle and provides the transport of
the cooling gas as well as it allows for the existence of
the high and low pressure areas within this cycle. The
Fig. 1 shows a commercial hermetic compressor [8].

Fig. 1 — Hermetic compressor used in domestic
refrigerators.
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Regarding the several commercial types of single-phase
induction machine manufactured to the refrigeration
industry, the major difference consists in procedures
utilized to obtain the starting mechanical torque. In this
paper a very common industrial product, identified as
THC1340YS compressor has been utilized for the
investigations. This product is constituted by a main and
an auxiliary winding that only acts at the refrigerator
starting conditions. The auxiliary winding has higher
resistance and lower value of reactance than the main
winding [9], [10].

The Fig. 2 shows the electric motor diagram, witch
correspond to the commercial PTCSIR device. After its
starting, the auxiliary winding is removed from the
system by a PTC (Positive Temperature Coefficient)
relay connected in series with it. The PTC relay utilizes a
non-linear resistor which depends on the local
temperature, that is, the resistance increases quickly
when the temperature goes up. Consequently, the current
through the auxiliary winding is decreased to almost a
null value [11].

PTCSIR

A
L1 - Lire - ‘

L2- Line

Frotectar

Main Winding

Start Winding

Compressor Grounding

FTC Relay PTC Relay

Fig. 2 — Electric motor diagram type PTCSIR.
B. Mathematical Modelling

The mathematical representation for the analysed motor
can be derived from the equivalent asymmetrical ideal
induction machine of two poles [12], [13] indicated in
Fig. 3.

Axis b
Axis B

}n

-==-Axis a

Fig. 3. Representation of the single-phase induction
machine.

As it can be seen, the machine is constituted by two stator
windings, a and b, displaced by 90° in the space with
distinct constructive and electrical characteristics. The
rotor is represented by two identical windings (A and B),
also displaced by 90° in the space.
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Using basic equations applied to electrical machines, the
following time domain expressions for the stator and
rotor voltages can be derived:

V, =i, + & 1)
dt

v, =i, + % ®)
. da

Va=Tala ditA ®)

v, =i, + % 4

Where:

Vv are general winding terminal voltages;
i are general winding currents;

I are general winding resistances;

A are general fluxes;

aand b denote stator parameters;
Aand B denote rotor parameters;

Complementary, the instantaneous
torque T can be obtained through (5).

electromagnetic

IJd9 (5)

Where:
p is the pole number;
I are the winding currents;
i, j canbe a,b, A, B references;

L are the winding inductances;
@ is the displacement angle;

C. Model implementation in the ATP- MODELS

The instructions used to insert the motor representation in
the MODELS language, are:

e INPUT - Indicates input element

vinp -- tensio fase-fase aplicada 2o moror, [V];

This instruction allows to apply an external electrical
voltage to the motor modelling.

o DATA - Informations required by the motor:

DATA

-—- machine parameters

Prom {dF1t:0.12}
rsa {dflt:4.07}
x5 {ch"lt 5 517}

-~ rated power, [cvl;
-- Resistance wwndmg main of stator, ﬁhase a, [ohm];

-- reactance winding main fo stator, phaze a, [chml:

—~ Resistance winding auxiliary of stator, ﬁhase b, [Ohm]

—-- reactance winding auxiliary of stator, phase b, dhm]

-- resistance of rotor, by Ehase [ohm]

—- Reactance of rotor, by phase [Ohm

-- Reactance magnetization, hm]

gm {df'lt 0.00045} -- mament of inertia, [kg“m"m]

np {df'l 2% —— number of poles;

ko {df’ 3} - percentagem rated power representative of mechanical Tosses, [¥];
freg {df'lt:eo} -- rated frequency, [Hz];

-—- Load parameters

Pc {uﬂt 0.12} —— rated power of load, [cv];
®0 {df’ 0} —— Constant representatwe the constant Toad torgue, [%];
x1 {ch"lt 0.0065} -- constant representative of linear load torque, [%1;

Xz {dfFltio} —— Constant representative of guadratic load torque, [%];
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The electrical and mechanical motor equivalent
parameters as well as the mechanical information about
the machine loading are supplied to the model throughout
the above instructions. These data can be obtained by

experimental tests or manufacturer datasheet. The
mechanical load information can be estimated by
considering the thermodynamic fluid refrigerant
behavior.

In relation to the variables involved in the calculations
and to be available to describe the overall device
behavior from the starting instant to the final steady state
operation, they are describe in the variable declaration
given below.

e VAR - Operational variables and associated
parameters :

ViR

--- machine variahles

m -- mutual inductance hetween stator and rotor;

r -- leakage inductance of rotor;

Isa -- leakage inductance of main wmdmg of stator;

1sh -- leakage inductance of auxiliary winding of stator;

lsasa -- self inductance of main winding of stator;

Ishsh  -- self dinductance of auxﬂwar¥ winding of statur,

Isash -- wmutual inductance hetween of windings of stator;

Ishsa -- Mutual inductance between of windings of stator;

Trara -- self inductance of main winding of rotor;

Irerg -- self inductance of auxiliary winding of rotor;

Trare  -- Mutual inductance of windings of rotor;

Irera -- mutual dnductance of windings of rotor;

Isara  -- mutual inductance between main winding of stator and rotor;

Isbré  -- mutual inductance hetween auxiliary winding of stator and rotor;

Isarg -- mutual inductance hetween main winding of stator and auxiliary winding of rotor;
Isbra -- mutual fnductance between auxiliary winding of stator and main winding of rotor;
Trasa  -- mutual inductance between main windings of “rotor and stator;

IrBsb -- mutual inductance between auxiliary windings of rotor and statnr,

Trash  -- mutual inductace between main winding of rotor and auxiliary winding of stator;
Tresa -- mutual inductance between auxiliary winding of roto and main winding of stator;
isa -- current of main winding of stator,” [A];

ish —- current of aux111ar'y winding of stator, [A];

ira -- current of main wmdmg of rotor, [A];

irb -- current of auxiliary winding of rotor, [al;

itotal -- Rrated current of machine, [A];

v -- Rated voltage, [v]:

conj_elmag  — e'\etrnmagmet'lc torgue, [Mm];

conj_carga - Toad torgue, [Mm];

conj_eixd - axis_torgue, [wm];

ws -- angular velocit [rad/s]

teta -- spatial angle, {ra

wvel_motor  -- mechanical veWnc'lty, [rad/s];

vel_eletr - electrical velocity, [rad/s];

n_rpm -- rated velocity, [rpml;

n_motor -- ated velocity, [rad/s];

ns - sa/nchruﬂuus velocity, [ ml;
ux of main w‘mdwng of stator, [wh];

flux_a e

flux_h — flux of aux111ary winding of statnr [wh];
flux_ra — flux of main wmdmg of rotor, [whl;
Flux_rb -- flux of auxiliary winding of rotor, [wh];
Craot — mechanical losses, [w];

Krot —- mechanical losses, [w];

T_ptc -- used time for PTC re]ay

pte -- Function of representation of PTC relay;
ptel -- first part of function of PTC relay;

prez -- second part of function of PTC relay;

cl -- part of electromagnetic torgue;

] -- part of electromagnetic targue;

df Tux_a —- derivative of flux flux_a;

dfTux_h —- derivative of flux flux_b;

df lux_ra - derivative of flux flux_ra;

cf Tux_rb —- derivative of flux flux_rb

dvel_motor -- derivative of mechanical velocity,

dreta -- derivative of electrical angle;

--- Toad variables

cuﬂ] _carga -- laod rated torgque, [Mm];
-- load_velocity rated, [rad/ 1
Tnnm -- auxiliary variable tF Toad rated Torgue;

The initial conditions to the above quantities are
described as follows. For this specific application the
motor was taken as initially disconnected from the
supply. Therefore, the initial conditions are nulls.

e INIT = Initial conditions variables:

n_rpm:=0
itotal:=0
vel_eletr:=0
wel_motor:=0
EMDINIT
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The next step consists in the device implementation in
the ATP itself. This is made by representative equations
inserted in the mentioned software throughout the
MODELS language. As the expressions do not represent
a linear system, it becomes necessary to use a special
feature of the MODELS to deal with non-linear equation
solution. This uses the Newton-Raphson method through
the internal command COMBINE ITERATE.

e EXEC - Model accomplishment:

nni=2*pi*ns) a0
Thnom:=(Pnom73&1,/1n
conj_carga:=[(x0%THom] + (< 1*Thom*vel_motor)+ (=2 *Thom* (wel_mator*+277

nsi=(120%freqlsnp
n_motari=_4*pi*freqlnp
krot:=(({k0 1000 *FRom*736] (n_motor*n_motor])
ws i=2%pi*freq

M: == ws

1sa:=x5a/ws
1sbi=xsbws

Tri=xr/ws
Isasai=mtlsa

Isash:=0

lshsar=n

Ishshi=mt1sh
Trara:=mtlr

Trare:=0

Trerar=0

TrBre:=mtlr

t_ptci=t_prc+timestep

PLCLi=-2674, 4% (t_ptc**E) +2248. 9% (L_pLo**5)-749, 2% (t_ptcv+4)
r=132.5%(t_ptc**3)-18. 9% (t_ptc**2)+0. 0F&7*t_ptc+l

{MIN:O}

COMBINE ITERATE AS machine
tetalr=integral (dteta)
Tsara:=mccos(tetal

I=—mFsin(teta)
mesin(teta)
i=—-m*Cos(teta)
Trasar=mrcos(teta])

I=-mrsin(teta)

i=—mEsinteta)

r=-m*cositeta)
cli=isa*(-m*iravsin(teta)-m*irb*cos(teta))
czi=isbe(m*irbesinlteta)l -m=ira*cos [tetal)
conj_elmag:=Cnpl*(cl+cz)
Croti=krot¥vel_motor
dvel_motor:i=[1/Cim+jcll®(conj_eImag-conj_carga-Crot)
wel_motor:=integral (dvel_motor)
wel_gletri=(wvel_matar¥np) 2
conj_eixoi=conj_elmag-Crot
n_rpm:={vel_motarl*30/pi
dteta:=wel_gletr
isar=Cv-dflu=_a)/rsa
isbi=((w-dflux_b) rsbl=ptc
itotal:=isatish
irar=-dflux<_ra/srr
irbi=—dflu=_rb/srr
dflux_ai=deriv(flux<_a)
dfTux_br=deriv(flu=_h]
dflux_rar=deriv(flux_ra)
dfTux_rbi=deriv(flux_rb)
flux_a:=lsasa*isatlsarAa*iratlsarg*irb
Tlux_b:=1shsh*ish+1shraxiratishresirh
flux_ra:=lrasa*isatirasb*isb+1rara®ira
flux_rb:=1rEsa*isat1resb*ish+1rerg*irb
ENDCOMBINE

EMDEXEC

The final product is then represented by an equivalent
icon now available in the ATP library. This simple
representation has behind its sketch the overall programs
here described to investigate the refrigerator device using
time domain techniques. This is illustrated in Fig. 4.
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Fig. 4 — Icon representing the refrigerator system into
ATPDraw.
Model

3. Performance and

Validation

Analysis

The validation process consists in the comparison of
several computational studies with corresponding
laboratory ones. The situations here focused are related to
a variety of ideal and non-ideal supply voltage conditions
as given by Table I. Other conditions have been tested
but they were not included in this paper. This is the case
of harmonic distortion, transients and voltage flicker.

TABLE I. - Studied Cases

CASE
1 - Rated and ideal condition
2 - Voltage interruption

CHARACTERISTICS
127 V, 60 Hz
Event duration of 7 cycles
Voltage reduction to 60 %
with 10 cycles
Voltage increase t0120 %
with 10 cycles

3 - Voltage dip

4 - Voltage swell

The laboratory arrangement is given in Fig. 5. It
comprises a programmable HP6834A source, three-
phase, 4.5 kVA and other equipment to store the voltage
and current waveforms.

—— Refrigerator
F—
PRISRAMMGELE | & e D Lk
SOURCE L] Motor | ¢ &
x el.
A |
——{ Vallfupe |
JI urrem

s iloanape

Fig. 5 - Experimental arrangement for the studies.

For each situation, the refrigerator input voltage and
current were considered for the performance analysis and
validation procedure.

A. Ideal Condition : Case 1

This first situation considers that the refrigerator is
operating with ideal and rated conditions. Thus, this
study aims at reproducing the reference case to be used
for comparison purposes with other investigations. In
addition, the results are used to validate the model as
their expected values are previously known from the
manufacturer datasheet.
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Fig. 6 (@) and (b) illustrate the voltage and current
waveforms at the equipment input. As already stated,
both computational and experimental results are given.
The input voltage is given in blue and the current in red.
This standard will be followed for the other results.
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-200.
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(file MIM_ptc_nominal_020308.pl4; x-var t) v:XX0036  c:XX0011-XX0040

(a) Computational results

0,655

Voltage:50V/div ; Current:5A/div ; Time:50ms/div
(b) Experimental results

Fig. 6. Input voltage and current - Case 1 - Ideal
condition

The RMS and peak value for the input current are given
in Table Il. Therefore, concerning ideal and rated
conditions, the model performance is in accordance with
the expected values.

TABLE II. - Computational and Experimental Values

Experimental
1,50
2,20

Input Current
RMS (A)
Peak value (A)

Computational
1,51
2,13

It must pointed out that a small difference between the
current waveforms can be readily noticed. This can be
justified by the fact that the motor magnetic material
saturation was not taken into account. This fact
determines that the experimental results have a 3"
harmonic (180 Hz) that has not been found in
computational results.

B. Voltage Interruption : Case 2
Fig. 7 (a) and (b) show the refrigerator computational and
experimental waveforms related to the supply voltage

and the input current, when a voltage interruption of 7
cycles occurs.
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Fig. 7. Input voltage and current — Case 2 — voltage
interruption.

Table 111 summarizes the highest peak current at the
equipment input after the voltage is recovered.

TABLE Ill. - Computational and Experimental Values

Input Current
Peak value (A)

Computational
16,31

Experimental
16,40

The waveforms reveal that when the equipment re-
establishes the rated voltage, the appliance shows a
transient peak current of approximately eight times its
rated value. In addition, the general behaviour for the
current is in very close agreement. Again, this is a
evidence that the proposed model has demonstrated good
accuracy.

C. Voltage Dip: Case 3

The Fig. 8 (a) and (b) give the voltage and current
waveforms at the equipment input when a voltage dip
phenomenon is applied during 10 cycles.
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Voltage:50V/div ; Current:5A/div ; Time:50ms/div
(b) Experimental results

Fig. 8. Input voltage and current — Case 3 — voltage dip.

These figures show that the highest peak found at the
current waveform happens immediately after the voltage
is restored to its original value. Table IV shows both the
computational and experimental peak values.

TABLE V. - Computational and Experimental Values

Input Current
Peak value (A)

Computational
9,17

Experimental
9,20

D. Voltage Swell: Case 2

The Fig. 9 (a) and (b) illustrate the voltage and current
waveforms at the equipment input considering both the
computational and experimental results. The disturbance
is now linked to the so called voltage swell that lasts for
10 cycles.

400- 20

e e
AT AL A A LR AR A L
TR A A BT
LT v

(File MIM_ptc_swell_020308.pl4; x-var t) v:XX0011  ¢:XX0004-XX0033

(a) Computational results

l)l‘t'n'l'»\)'\).ﬁll“ ‘i'\W"\WlA|’|‘§))’\’b'

Voltage:50V/div ; Current:5A/div ; Time:50ms/div
(b) Experimental results
Fig. 9. Input voltage and current — Case 4 — voltage
swell.
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The above non ideal situation has produced an increase
of the initial values for the input current. The greatest
peak value has gone up to nearly twice the rated value.
Both the computational and experiment performances are
again in close agreement as far as values and waveforms
are concerned. Table V shows the peak values for the
currents.

TABLE V. - Computational and Experimental Values

Input Current
Peak value (A)

Computational
5,35

Experimental
5,20

4. Conclusion

This paper has proposed a model to handle with
commercial refrigerators through time techniques and
subsequent implementation in the ATP simulator. The
representation  finds applications in investigating
equipment performance with disturbances occurring on
the supply voltage. This matches the requirements
associated to a more comprehensive research field
seeking for computational means destined to subsidise
the analysis and final position about refunding request for
damages in household appliances.

The main contribution of this work, in addition to the
proposal of the mathematical model and its insertion in
the ATP by means of the MODELS routine, is the
validation of the developments. So, different
computational studies were carried out using ideal and
non-ideal supply conditions to the household product
here focused. By comparing the theoretical and
experimental results it was found that the general
behavior achieved with rated and disturbed conditions are
in very close agreement. This allows for stating that the
model was found appropriated to the targets of studying
equipments subjected to typical distribution occurrences
and the impacts upon refrigerators and other products that
were not considered for this paper proposal.
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