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Abstract —Air conditioners deserve special attention,
because they represent a significant part of the power
system load, mainly in high temperature regions. This
work takes into account conventional and variable-speed
types, as the latter one presents two possble
arrangements i.e. with and without undervoltage
protection. The modeling of equipments is analyzed for
simulation purposes, as a novel representation of
variable-speed units with undervoltage protection is
introduced. The behavior of each air conditioner is
verified in steady state operation considering typical
power quality and voltage disturbances that occur in
power sysems such as voltage sags and
interruptions. Furthermore, the influence of the
aforementioned equipment on the power system is
analyzed within the context of a distribution network.

Keywords -air conditioning, dynamic response, load
modeling, power system dynamic stability.

[. INTRODUCTION

The impact of air conditioners on power systemshieses
intensively analyzed by engineers during many yéarkad
modeling purposes and planning of utility distribat
systems [1]. Such influence is not supposed todugeated,
once that they represent a significant part of dlverall
system load, mainly in high temperature regions.

Air conditioners can be classified in either corti@mal
type or variable-speed type. Conventional air choniérs
employ an asymmetrical two-phase motor with a isgrt
capacitor. They operate with constant power indeéeetly
of room temperature, because the compressor smedrblc
is not present, as it is simply turned on/off btharmostat.
On the other hand, variable-speed devices are isdpply
frequency converters that automatically increasdearease
the compressor speed according to the preset tammper
When the room temperature increases, the speed

decreases, reducing the power demand from thensyste

a

consequently the electric energy consumption also d
Otherwise when the temperature goes down, the spe

30% of the rated capacity. The speed adjustmenfuaction
of the room temperature, and is sometimes accohgulis
using fuzzy logic principles [2].

The main focus of this paper is to present the hoglef
both types of air conditioner in order to propoasecstudies
and evaluate their dynamic response in front ofgyasystem
disturbances. Furthermore two arrangements foralsbe
speed air conditioners are analyzed. The first modéy
accomplishes the common function of a PWM frequency
converter, and the second one has protection dgains
undervoltage. The models described in this work sed
on time domain, since the dynamic characteristifs o
mechanical and electrical parameters can be adsdguat
represented, implying more reliable results for poguality
studies [3]. In a second instance, the models grpased to
replace the typical representation involving impezg
current, and constant power.

II. AIR CONDITIONER MODELING

A. Compressor Caracteristics

The compressor corresponds to the major comporfent o
any air conditioner because it compresses the ifrgegas
responsible for heat exchanges. For the drivingomatuch
load has different behavior during the startup steddy state
operation.

In the starting condition, the torque-speed charéstic is
guadratic with an initial torque around 30%. Howewehen
the equipment is running, torque becomes constatit w
speed due to the compression of the freezing gasigh
engineers believe that the mechanical torque withain
relatively constant during the stall situation [4].

Since the compressor presents low inertia and aohst
torque during steady state operation, air condiisriend to
demand more power from the system during disturmnc
is mechanism may explain some of the voltageapsk
incidents reported in [5] and [6], and the delayecbvery of

transmission voltage following normally cleansdlti-
phase faults as reported by Florida Power and Light

In some cases, manufacturers offer an energy safing company [4] and Southern California Edison Compfaihy

13% yearly for variable-speed air conditionersomeparison
with conventional ones of same capacity. This isabee
normally the power electronic device is startedhwiinly

443

B. Conventional Air Conditioners

In a conventional air conditioner, the compressairiven
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by an asymmetrical two-phase induction motor with atherwise itis turned off.

starting capacitor. The stator is composed by twalings,
as shown in Fig. 1. A main winding is responsite the
running condition, with positive sequence voltagsn
auxiliary winding is used for startup, with negatisequence

It is important to mention that the sinusoidal wave
frequency determines the fundamental frequency hef t
voltage across the inverter mains. Therefore thesrter
output frequency must vary in order to control ith@uction

voltage. Capacito€ has two functions, that is, to help the Motor speed. However, the voltage must change afothie

motor start and to correct power factor during dyestate
operation. Since it is designed for the motor openaat full
speed, the starting torque is reduced.

Auxiliary Winding

Va

Fig. 1 Physical arrangement of the asymmetricatpivase
induction motor.

C. Variable-Speed Air Conditioners

Variable-speed air conditioners correspond
improvement of the previous model, where a thressph
induction motor is used instead, supplied by a desgy
converter with single-phase input, as energy corpsiom
can be controlled according to the room temperatédre
typical schematic is shown in Fig. 2.

It is believed that the employment of such equipign
supposed to increase significantly in the next years since
energy saving may become a priority for consumérs.
research accomplished in 1999 reported that 86%itof
conditioners in the Japanese power grid are oftypis [8].

: : : Compressor

_ Three- Phase
DC Link Induction Motor

AN N4

PWM
Inverter

Fig. 2 Schematic representation of variable-sgéecbnditioners.

Rectifier

D. Variable-Speed Air Conditioners with Undervokag
Protection

to al

proper volts/hertz ratio is maintained constantplyimg
constant air gap flux and electromagnetic torq@. [1

In low frequencies, the stator current increasesiog a
larger voltage drop across stator resistaRge Then the
motor input voltage must reach a given boost veltsg
Taking this into account, inverters may have twdtage
versus frequency characteristics i.e. linear offsetonlinear,
according to Fig. 3. The linear characteristic cat be
applied due to the boost voltage.

v
F 3

Wnom

Vo

.
.+ Linear

fhom £

Fig. 3. Adjustment strategies fdff characteristics to keep the air
gap flux constant.

Protecting against undervoltage consists in decrgdkse
operation frequency when the dc link voltage isuced,
keeping the volts/hertz ratio constant and presgrihe
electromagnetic torque in the induction motor. Whhba
frequency decreases, there is a reduction in thernspeed,
causing the mechanical power to be reduced as Wéien
the voltage level is reduced and the system isataned by
the voltage collapse phenomenon, the reductiomemower
demand of such equipment is a belief.

The modeling of air conditioners with undervoltage
protection has not yet been developed and evaluisted
studies that consider the power quality point efavi This is
supposed to be the main contribution of this wonkl @
discussed as follows.

This work analyzes two arrangements for the vagiabl E. On The Modeling of Variable-Speed Air Conditisngith

speed air conditioner. The first one only acconmgss the

common function of a frequency converter with PWM

Undervoltage Protection

commutation. The second one was produced in Asia by When the disturbance occurs, the calculation ofrtéw

Keling Electric [2], using a protection strategy aagst
system undervoltage.
The PWM technique is intensively used in invertarsd

the switching instant is determined by the comparis

between a sinusoidal signal and a triangle waveei\he
sinusoidal reference is higher than the triangleiera the

operation frequency is obtained using the accéteraamp
represented in Fig. 4, as the following expresgagiven:

comparator output turns the semiconductor device on
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Fig. 4. Acceleration ramp.

Vnom = VO + kfnom (1)
where:
Vhom— rated output voltage of the inverter [V];
V, — boost voltage [V];
k — voltage gain per frequency unit [V/Hz];
foom— rated operation frequency [Hz].
The angular coefficierk is given by:

Y/

nom

f

_ — Vo

k )

nom

If the voltage decreases Y4, the frequency becomés
and expression (2) is written as:

Y/

nom

k= Yoom— % 3)

fnom - f1

From (3), the new operation frequerfgycan be obtained

as a function ofk, which depends on the boost voltage

according to (2), and also on the error betwégp andV;.

error

f=f
! Kk

(4)

nom

When the error is null, the operation frequency,is.
Since the angular speed, can be given as function of

- 9th Brazilian Power Electronics Conference

horizontal reference axis with angular spegdiescribing an
angleg, expression (6) results.

P = ot (6)
Substituting (6) in (5) gives:
v, =v2V sing (7)

Since @ changes when there is a voltage variation, one
can rewrite (6) as:

d¢ = @ dt (8)
Expression (8) can be rearranged as:
¢ = ot 9)

The aforementioned expressions can be used torineple
the block diagram shown in Fig. 5, whargandVy are the
actual and desired voltages across the dc link sevivalues

arey/2v__and+/2v,, respectively.
\Y
’l T Vr-sin
vd Error ol o -sin ¢
- K»f I
Integrator
Acceleration
Ramp
vd

Fig. 5. Block diagram representiNg control.

[ll. ANALYSIS OF AIR CONDITIONING LOAD AS
PART OF A DISTRIBUTION NETWORK

The system shown in Fig. 6 is composed by a 69kV
transmission line connected to the substation atdpwas the
distribution network supplied by transform&s derives. It
contains four 50kVA transformers, whose loadin0&VA
at 0.9 lag. The load distribution is defined aglif], where
25% is due to air conditioning, 5% is represented b
refrigerators, and the rest is concerned with stédads
related to lighting and heating.

For power system studies, utilities may considerabtive

frequencyf,, the sinusoidal reference of the PWM controlpower demand as 78% due to constant current-tymsland

can be represented by (5).

v, =2V, sin(a,t) (5)
where:
V, —amplitude of the reference voltage [V];
wy, — updated angular speed [rad/s];
t —time [s].
Considering thatv, rotates anticlockwise around a
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22% due to constant impedance-type loads, and timew
reactive power demand is due to constant impedepee-
loads. Furthermore, for a residential distributh@iwork in a
high temperature region where air conditionersadmendant,
the transformer loading due to static loads is 104. To
represent the power system under extreme situattoe,
transformers are assumed to operate at full load.
Additionally, the saturation effects and the cooalimearity

are considered in the analysis.
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Fig. 8. Active power for variable-speed air coratiers.
10
Fig. 6. Distribution power system. For conventional air conditioners, the reactive gown

steady state operation is 102kvar, which decrems82kvar
for a short period during the fault.

A. Fault Occurrence 250

Considering that the air conditioning load is cosgub
only by conventional units, the active power inashg state 200
condition across the secondary side of transforifielis
127kw, as shown in Fig. 7. When the fault occurs,dctive ;:*: i i
power is reduced to 100kW, since less active poiser Z 150 | e e e S
demanded due to the static load when voltage dtops & ' ‘ 5

......................................
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. Fig. 9. Reactive power for conventional air coiuiérs.
Z |50 Conventional 0| SO SO S _
= \ ; L § g For the normal and adapted arrangements of variable
& ' ' ‘ ' speed air conditioner, reactive power is decreasetDkvar
and 50kvar, respectively.
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Fig. 7. Active power for conventional air conditers .
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Z
Similar analysis can be performed in Fig. 8 repigci E; 100
conventional air conditioners by variable-speed@gent. If
the normal-type arrangement is considered, theepibwer 80
is reduced to 95kW. Otherwise, if adapted unitsesgnt the 60 |
load, it drops to 64kW, which corresponds to thestbe i Adapted
performance during the fault. 40 = ‘ - ‘
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Fig. 10. Reactive power for variable-speed aiddioners.
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In the aforementioned situations,
increase in the active power at the end of theindishce due
to the compressor rotation speed, which is redwdesh the
fault occurs.

V. CONCLUSION

Variable-speed air conditioners can be very aftract [5]

because temperature control is a desirable chaisittehat
makes the rational use of energy possible. Thetirggar
operation does not need to occur at full load, thede is also
the adjustment of the necessary power in agreewiémthe
environment temperature. However, such equipmefetrof
two main disadvantages i.e. higher harmonic distorand
cost when compared to the conventional-type aiditimmer.
Another advantage of such equipment over
conventional configuration is the behavior duringltage
sags. The latter air conditioner absorbs high amofiactive
and reactive power, while the former one maintdins
power flow stable until the utility voltage is naoatized.

However it demands high amount of active power to

recharge the capacitor. Variable-speed air conuiti® use a
frequency converter with sinusoidal pulse width miaton,
as two arrangements are possible. The first cordign
does not present protection against undervoltagd, s
been thoroughly studied in previous works. The sdoone
accomplishes this function by adjusting the voksth ratio
for the motor, monitoring the dc link voltage tontl the
operation frequency and keep the developed torgnstant.

The adapted arrangement has the advantage of mingni
the power transferred to the load when the dcViolkage is
reduced. An air conditioner that employs this teghe
absorbs a larger amount of active and reactive pdween
the system when the voltage level is restoredhiassituation
is analogous to the motor startup. However, itdiegion is
still recommended because when the system vol@agmw,
the power demand is also lower than in normal doordi

The analysis of a distribution network with transi@rs
at full load has shown that variable-speed uniteate less
active power when the utility voltage is reducedr (f
instance, due to fault occurrence), which may bsirdble
for generators under this condition.
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