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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 air conditioners, 
and also variable-speed arrangements with and without 
undervoltage protection. The modeling of such type of 
load 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 systems such as voltage 
sags and interruptions.1Furthermore, 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. 

I. INTRODUCTION 

The impact of air conditioners on power systems has been 
intensively analyzed by engineers during many years for load 
modeling purposes and planning of utility distribution 
systems [1]. Such influence is not supposed to be neglected, 
once that they represent a significant part of the overall 
system load, mainly in high temperature regions. 

Air conditioners can be classified as either conventional 
type or variable-speed type. Conventional air conditioners 
employ an asymmetrical two-phase motor with a starting 
capacitor. They operate with constant power independently 
of room temperature, because the compressor speed control 
is not present, being simply turned on/off by a thermostat. On 
the other hand, variable-speed air conditioners are supplied 
by frequency converters that automatically increase or 
decrease the compressor speed according to the preset 
temperature. When the room temperature increases, the 
speed and consequently the electric energy consumption also 
do. Otherwise when the temperature goes down, the speed 
decreases, reducing the power demand from the system. 

In some cases, manufacturers offer an energy saving of 
13% yearly for variable-speed air conditioners in comparison 
with conventional ones of same capacity. This is because 
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normally the power electronic equipment is started with only 
30% of the rated capacity. The speed adjustment occurs as a 
function of the room temperature, what is sometimes 
accomplished using fuzzy logic principles [2]. Power quality 
issues must also be considered when dealing with such 
equipment, such as in the prototype developed in [3], which 
presents low current harmonic distortion and high power 
factor. 

The main focus of this paper is to present the modeling of 
both types of air conditioner in order to propose case studies 
and evaluate their dynamic response under power system 
disturbances. Furthermore two arrangements for variable-
speed air conditioners are analyzed. The first model only 
accomplishes the common function of a PWM frequency 
converter, and the second one has undervoltage protection. 
The models described in this work are based on time domain, 
since the dynamic characteristics of mechanical and 
electrical parameters can be adequately represented, 
implying more reliable results for power quality studies [4]. 
In a second instance, the models are supposed to replace the 
typical representation involving impedance, current, and 
constant power. 

II. AIR CONDITIONER MODELING 

A. Compressor Characteristics 
The compressor corresponds to the major component of 

any air conditioner because it compresses the freezing gas 
responsible for heat exchanges. For the driving motor, such 
load has different behavior during the startup and steady state 
operation. 

In the starting condition, the torque-speed characteristic is 
quadratic with an initial torque around 30%. However, when 
the compressor is running, the torque becomes constant with 
speed due to the compression of the freezing gas. Design 
engineers believe that the mechanical torque will remain 
relatively constant during the stall situation [5]. 

Since the compressor presents low inertia and constant 
torque during steady state operation, air conditioners tend to 
demand more power from the system during disturbances. 
This mechanism may explain some of the voltage collapse 
incidents reported in [6] and [7], and the delayed recovery of 
the transmission voltage following normally cleared multi-
phase faults as reported by Florida Power and Light 
Company [5] and Southern California Edison Company [8]. 
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B. Conventional Air Conditioners 
In a conventional air conditioner, the compressor is driven 

by an asymmetrical two-phase induction motor with a 
starting capacitor. The stator is composed by two windings, 
as shown in Figure 1. A main winding is responsible for the 
running condition, with positive sequence voltage. An 
auxiliary winding is used for startup, with negative sequence 
voltage. Capacitor C has two functions, that are, to help the 
motor start and to correct power factor during steady state 
operation. Since the capacitor is designed for the motor 
operation at full speed, the starting torque is reduced. 

 
Fig. 1.  Physical arrangement of the asymmetrical two-phase 

induction motor. 

If the equivalent circuit in Figure 2 is considered, the 
motor model can be described by equations (1) to (4), which 
were presented in [9]. The model was evaluated and 
validated experimentally in [10].  
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where: 
va, vb, ia, ib – two-phase stator voltage and current; 
vA, vB, iA, iB – two-phase rotor voltage and current; 
vc – capacitor voltage; 
C – starting capacitor; 
p – derivative operator (d/dt); 
P – number of poles; 
Ri – stator resistance (i=a, b); 
Rj – rotor resistance (j=A, B); 
T – load torque; 
Te – electromagnetic torque; 
Lii – leakage inductance of winding (i=a, b, A, B); 
Mij – mutual inductance between stator (i=a, b) and rotor 

(j=A, B); 
J – inertia moment; 
B – viscous friction coefficient; 
ω – rotor angular speed; 

 – angular displacement. 

 
Fig. 2.  Equivalent circuit of the asymmetrical two-phase induction 

motor. 

C. Variable-Speed Air Conditioners 
Variable-speed air conditioners correspond to an 

improvement of the previous model, where a three-phase 
induction motor is used instead, supplied by a frequency 
converter with single-phase input, as energy consumption 
can be controlled according to the room temperature. A 
typical schematic is shown in Figure 3. 

It is believed that the employment of such equipment is 
supposed to increase significantly in the next few years since 
energy saving may become a priority for consumers. A 
research accomplished in 1999 reported that 86% of air 
conditioners in the Japanese power grid are of this type [11]. 

 
Fig. 3.  Schematic representation of variable-speed air conditioners. 

The equivalent circuit per phase of the three-phase 
induction motor is shown in Figure 4, where Rs and Rr are the 
stator and rotor resistances, and Ls and Lr are the stator and 
rotor leakage inductances, respectively. The magnetizing 
inductance is given by M and s corresponds to the rotor slip. 

 
Fig. 4.  Equivalent circuit per phase of the three-phase induction 

motor. 
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According to [12], the model can be described by 
expressions (5) to (7), with the experimental validation 
presented in [13]. 
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where: 
[L] – stator and rotor inductance matrix with Lij for i, j=a, 

b, c, A, B, C; 
[V] – vector representing the voltages of phases a, b, c, A, 

B, C; Fig. 5.  Adjustment strategies for V/f characteristics to keep the air 
gap flux constant. [I] – vector representing the currents of phases a, b, c, A, 

B, C; 
Undervoltage protection consists in decreasing the 

operation frequency when the dc link voltage is reduced, 
keeping the volts/hertz ratio constant and preserving the 
electromagnetic torque in the induction motor. When the 
frequency decreases, there is a reduction in the motor speed, 
causing the mechanical power to be reduced as well. When 
the voltage level is reduced and the system is threatened by 
the voltage collapse phenomenon, reduction on the power 
demand of such equipment is a belief. 

[R] – stator and rotor resistance matrix with Rij=0 and 
Rii≠0, for i, j=a, b, c, A, B, C. 

D. Variable-Speed Air Conditioners with Undervoltage 
Protection 

This work analyzes two arrangements for the variable-
speed air conditioner. The first one only accomplishes the 
common function of a frequency converter with PWM 
commutation. The second one was produced in Asia by 
Keling Electric [2], using a strategy that provides 
undervoltage protection. 

The PWM technique is intensively used in inverters, and 
the switching instant is determined by the comparison 
between a sinusoidal signal and a triangle wave. When the 
sinusoidal reference is higher than the triangle carrier, the 
comparator output turns the semiconductor device on, 
otherwise it is turned off. 

It is important to mention that the sinusoidal wave 
frequency determines the fundamental frequency of the 
voltage across the inverter mains. Therefore the inverter 
output frequency must vary in order to control the induction 
motor speed. However, the voltage must change so that the 
proper volts/hertz ratio is maintained constant, implying 
constant air gap flux and electromagnetic torque [14]. 

In low frequencies, the stator current increases causing a 
larger voltage drop across stator resistance Rs. Then the 
motor input voltage must reach a given boost voltage Vo. 
Taking this into account, inverters may have two voltage 
versus frequency characteristics i.e. linear offset or nonlinear, 
according to Figure 5. The linear characteristic can not be 
applied due to the boost voltage. 

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

E. Modeling of Variable-Speed Air Conditioners with 
Undervoltage Protection 

When the disturbance occurs, the new operation frequency 
is obtained using the acceleration ramp represented in Figure 
6, as given by the following expression: 

  (8) nom o nomV V kf 
where: 
Vnom – rated output voltage of the inverter [V]; 
Vo – boost voltage [V]; 
k – voltage gain per frequency unit [V/Hz]; 
fnom – rated operation frequency [Hz]. 
The angular coefficient k is given by: 

 0nom
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V V
k
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If the voltage decreases to V1, the frequency becomes f1, 
and expression (9) is written as: 
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Fig. 6.  Acceleration ramp. 

From (10), the new operation frequency f1 can be obtained 
as a function of k, which depends on the boost voltage 
according to (9), and also on the error between Vnom and V1. 
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When the error is null, the operation frequency is fnom. 
Since the angular speed 1 can be given as function of 
frequency f1, the sinusoidal reference of the PWM control 
can be represented by (12). 

  12 sinr rv V t  (12) 

where: 
Vr – amplitude of the reference voltage [V]; 
1 – updated angular speed [rad/s]; 
t – time [s]. 

Considering that vr rotates anticlockwise around a 
horizontal reference axis with angular speed 1 describing an 
angle , expression (13) is obtained. 

 1t   (13) 

Substituting (13) in (12) gives: 

 2 sinr rv V   (14) 

Since 1 changes when there is a voltage variation, one 
can rewrite (13) as: 
 1d dt   (15) 

Expression (15) can be rearranged as: 

 
1dt    (16) 

The aforementioned expressions can be used to implement 
the block diagram shown in Figure 7, where Vd and Vd’ are 
the actual and desired voltages across the dc link, whose 
values are 

nomV2  and 
12V , respectively. 

 
Fig. 7.  Block diagram representing V/f control. 

The block diagram shown in Figure 7 does not include the 
actuation of PI or PID controllers since only the reduction of 
the compressor mechanical power is aimed, as proposed by 
the manufacturer. In such type of equipment, fuzzy logic is 
used to achieve speed control as a function of environment 
temperature. Some converters are able to maintain the proper 
V/f ratio, as the control strategy becomes more complex, 
although they are not commonly employed in air 
conditioners [11]. However, it must be also mentioned that 
fuzzy logic may be useful in the parameters tuning of PI or 
PID controllers. 

III. ANALYSIS OF AIR CONDITIONING LOAD AS 
PART OF A DISTRIBUTION NETWORK 

The system shown in Figure 8 is composed by a 69-kV 
transmission line connected to the substation at bus 4, from 
where the distribution network supplied by transformer T2 
derives. The network contains four 50-kVA transformers, 
whose loading is 50 kVA at 0.9 lag. The load distribution is 
defined as in [15], where 25% is due to air conditioning, 5% 
is represented by refrigerators, and the rest is concerned with 
static loads related to lighting and heating. Evaluation tests 
are performed using Saber® software tool, where voltage 
and current waveforms are used in the calculation of powers 
based on the theory introduced by Budeanu [16]. 

For power system studies, utilities may consider the active 
power demand as 78% due to constant current-type loads and 
22% due to constant impedance-type loads, and the whole 
reactive power demand is due to constant impedance-type 
loads. Furthermore, for a residential distribution network in a 
high temperature region where air conditioners are abundant, 
the transformer loading due to static loads is 70% [17]. 

To represent the power system under extreme situation, 
the transformers are assumed to operate at full load. 
Additionally, the transformer saturation effects and the core 
nonlinearity are considered in the analysis. 

Based on the traditional equivalent circuit approach, and 
also considering the nonlinear characteristic of the 
ferromagnetic core of the transformer, one can represent the 
transformers as in Figure 9. 

 
Fig. 8.  Distribution power system. 

4 Eletrônica de Potência, vol. 14, no. 1, Fevereiro de 2009



 
Fig. 9.  Equivalent circuit of the distribution transformers. 

where: 
vp – phase-to-line voltage across the primary winding [V]; 
vs – phase-to-line voltage across the primary winding [V]; 
ep – induced counter-electromotive force across the 

primary winding [V]; 
es – induced counter-electromotive force across the 

secondary winding [V]; 
is – phase current through the secondary winding [A]; 
is’ – phase current through the secondary winding referred 

to the primary side [A]; 
io – magnetizing current [A]; 
iRm – portion of the current that corresponds to the core 

losses [A]; 
iLm – portion of the current that corresponds to the 

magnetic flux [A]; 
ip – phase current through the primary winding [A]; 
Rp – resistance of the primary winding []; 
Rs – resistance of the secondary winding []; 
Lp – primary inductance [H]; 
Ls – secondary inductance [H]; 
Rm – magnetizing resistance, corresponding to the iron 

loss []; 
Lm – magnetizing inductance [H]; 
Kt – transformer turns ratio. 
The magnetizing curve of the transformer, which is 

essential to represent the magnetic saturation, is shown in 
Figure 10. 

 
Fig. 10.  Magnetizing curve of silicon steel manufactured by 

ACESITA. 

Based on Figures 9 and 10, it is possible to determine the 
relationship between the primary and secondary voltages, 
magnetic flux, and the magnetizing inductance, according to 
expressions (17) to (21). 
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where: 
 – magnetic flux [Wb]; 
Np – number of primary turns; 
Ns – number of secondary turns. 
Once that the magnetic curve of the material presents 

distinct regions, several curve fitting techniques can be 
employed to represent it, such as polynomial adjustment, 
spline functions, linear interpolation, and similar methods. If 
linear interpolation is employed, the magnetizing curve can 
be obtained with satisfactory precision, due to the smooth 
characteristic of the curve. 

Tables I to V represent the respective parameters of the 
transmission lines, transformers, and motors employed in the 
simulation. 

Table I 
Line Parameters 

Line Segment R (/km) X (/km) l (km) 
1-2 0.2 0.5 20 
2-3 0.2 0.5 20 
5-6 0.19 0.38 4 
6-7 0.19 0.38 2.5 
6-9 0.19 0.38 2 

5-11 0.19 0.38 7 
11-13 0.19 0.38 0.5 
13-14 0.19 0.38 0.5 

 

Table II 
Transformer parameters 

Transformer V (kV) S X (%) 
T1 13.8/69 10 MVA 6 
T2 69/13.8 10 MVA 6 

T3T6 13.8/0.22 50 kVA 3 

Table III 
Parameters of the asymmetric two-phase induction motor 

used in a conventional air conditioner 
Ra 

() 
La 

(H) 
Rb 
() 

Lb 
(H) 

RA=RB 
() 

LA=LB 
(H) 

J 
(kg.m2) 

C 
(F) 

0.48 0.10 1.43 0.06 5.62 0.04 0.0015 140 
 

Table IV 
Parameters of the three-phase induction motor used in a 

variable-speed air conditioner 
Rs 

(pu) 
Xs 

(pu) 
Rr 

(pu) 
Xr 

(pu) 
XM 

(pu) 
H 
(s) 

0.10 0.10 0.09 0.06 1.80 0.28 

 
Table V 

Parameters of the three-phase induction motor used in a 
refrigerator 

p
 (17) Rs 

(pu) 
Xs 

(pu) 
Rr 

(pu) 
Xr 

(pu) 
XM 

(pu) 
H 
(s) 

0.56 0.087 0.05 0.082 2.40 0.28 
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where: 
Xm – magnetizing reactance; 
H – inertia constant. 

A. Fault Occurrence 
Considering that the air conditioning load is composed 

only by conventional units, the active power in steady state 
condition across the secondary side of transformer T2 is 127 
kW, as shown in Figure 11. When the fault occurs, the active 
power is reduced to 100 kW, since less active power is 
demanded due to the static load when voltage drops to 0.81 
pu. 

 
Fig. 11.  Active power for conventional air conditioners. 

Similar analysis can be performed as shown in Figure 12, 
by replacing conventional air conditioners with variable-
speed equipment. If the normal-type arrangement is 
considered, the active power is reduced to 95 kW. Otherwise, 
if adapted units represent the load, the reactive power 
demand is reduced to 64 kW, which corresponds to the best 
performance during the fault. 

For conventional air conditioners, the reactive power in 
steady state operation is 102 kVar, which decreases to 92 
kvar for a short period during the fault. For the normal and 
adapted arrangements of variable-speed air conditioners, the 
reactive power decreases to 70 kVar and 50 kVar, 
respectively. 

In the aforementioned situations, there is a sudden 
increase in the active power at the end of the disturbance due 
to the compressor rotation speed, which is reduced when the 
fault occurs. 

It is possible to notice in Figures 11 and 12 that the active 
power peak is greater for the variable-speed equipment. On 
the other hand, Figures 13 and 14 show that the reactive 
power peak is greater in the conventional air conditioners. 
This is due to the current that charges the dc-link capacitor 
after the sag occurrence, according to Figure 15. This 
behavior has also been analyzed in [12] and [17]. 

 

 
Fig. 12.  Active power for variable-speed air conditioners. 

 

 
Fig. 13.  Reactive power for conventional air conditioners. 

 

 
Fig. 14.  Reactive power for variable-speed air conditioners. 
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Fig. 15.  Behavior of the current through the air conditioners during 

the voltage sag. 

IV. CONCLUSION 

Variable-speed air conditioners can be very attractive 
because temperature control is a desirable characteristic that 
makes the rational use of energy possible. The starting 
operation does not need to occur at full load, and there is also 
the adjustment of the necessary power in agreement with the 
environment temperature. However, such equipment presents 
higher cost when compared to the conventional-type air 
conditioner. 

Another advantage over the conventional configuration is 
the behavior during voltage sags. The variable-speed air 
conditioner absorbs high amount of active and reactive 
power, while the conventional one maintains the power flow 
stable until the utility voltage is normalized. However, high 
amount of active power is necessary to recharge the 
capacitor. Variable-speed air conditioners use a frequency 
converter with sinusoidal pulse width modulation, as two 
arrangements are possible. The first configuration does not 
present undervoltage protection, and has been thoroughly 
studied in previous works. The second one accomplishes this 
function by adjusting the volts/hertz ratio for the motor, 
monitoring the dc link voltage to control the operation 
frequency and keep the developed torque constant. 

The adapted arrangement has the advantage of minimizing 
the power transferred to the load when the dc link voltage is 
reduced. An air conditioner that employs this technique 
absorbs a larger amount of active and reactive power from 
the system when the voltage level is restored, as this situation 
is analogous to the motor startup. However, its application is 
still recommended because when the system voltage is low, 
the power demand is also lower than in normal condition. 

The analysis of a distribution network with transformers at 
full load has shown that variable-speed units demand less 
active power when the utility voltage is reduced (for 
instance, due to fault occurrence), which may be desirable 
for generators under this condition. 
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