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Abstract 
 

Air conditioner (A/C) motor stalling is considered as one of the main reasons for the 

occurrence of delayed voltage recovery events leading to voltage collapse.  In recent years, 

the phenomenon of Fault-Induced Delayed Voltage Recovery (FIDVR) has increasingly been 

observed.  Planning tools have been found inadequate to capture FIDVR-type events, 

primarily due to inaccurate modeling of A/C motor loads.  A dynamic A/C motor model 

based on the phasor modeling approach is considered in this work.  The model accurately 

represents the behavior of A/C motors during and after a fault.  Sensitivity analysis is 

performed to arrive at a set of more significant model parameters.  This information may be 

used effectively in tuning the model parameters for various types of A/C motors. 

The next step in the development of a load model capable of accurately capturing the 

dynamical behavior of loads in the system is the aggregate modeling of several A/C motors.  

Instead of using a simplistic method of aggregating these machines into a single equivalent 

machine based on their ratings, an analytical approach based on bifurcation theory is 

presented in this work.  The method characterizes the stalling behavior of several A/C motors 

in the system based on the system voltage level and thus provides a way for a more refined 

approach to aggregate A/C motor modeling.     
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Introduction 
 

 The on-going changes in the electric power industry are resulting in new features of 

power systems, which are characterized by complex interconnections and the utilization of a 

large variety of controllers for optimizing the system operation and the use of the available 

resources.  Moreover, with the deregulation of utilities, the power networks are understood to 

be channels for transfer of electricity from points of production to points of consumption, 

depending on a competitive system based on time varying prices.  The complexity of the 

system, the nature of the dynamics that affect it and the external factors interacting 

simultaneously require special attention in order to provide a properly operated and designed 

power system.  Modeling the system elements forms an important aspect of proper power 

system planning and operation.  Detail models exist for the generation and transmission 

system elements.  However, loads are often not modeled accurately.  One reason for this is 

the inherent uncertainty involved in modeling the system load, as one can never accurately 

predict how the load would look like at any point in time in the future.  However, there is 

also a lack of understanding of the characteristics of certain critical loads in the system and 

so the resulting load model often does not accurately capture the inherent nature of the load.  

There is also the issue of computational complexity, since it is not feasible to model each and 

every element of the system load while performing simulation studies.   

 Recently, there has been an increasing concern with regard to air conditioner (A/C) 

motor load operation in the system.  A/C motors form a significant portion of the system 
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load.  It has been found that stalling of A/C motors in the event of a system fault may lead to 

delayed voltage recovery, which may potentially lead to a voltage collapse.  

A delayed voltage recovery event, or more popularly known as a Fault-Induced 

Delayed Voltage Recovery (FIDVR) event, is the phenomenon whereby system voltage 

remains at significantly reduced levels for several seconds after a transmission, sub-

transmission, or distribution fault has been cleared.  A severe event can result in fast voltage 

collapse.  FIDVR is caused by highly concentrated induction motor loads with constant 

torque which stall in response to low voltages associated with system faults and draw 

excessive reactive power from the grid.  FIDVR is worst when there is a concentration of 

―stall-prone‖ motors in a region.  Not all motors are vulnerable to stalling.  For example, 

large industrial motors often have contactors that will drop the motor out during voltage dips, 

thus limiting the negative impact of these motors.  Large HVAC units may also have motor 

protection that will trip the unit offline before stalling occurs.  Smaller HVAC units, 

however, may not have protection that will trip the unit off before stalling occurs.  FIDVR 

events become increasingly probable with continuing market penetration of high efficiency 

low inertia air conditioning loads. 

Once the A/C motor stalls in the event of a fault, it remains stalled in majority of the 

cases even if the voltage recovers, as the compressor is unable to restart against the full head 

of pressure.  It takes one to five minutes before pressure is equalized so that the motor can 

restart [1].  In the stalled condition, the motor typically requires 5-6 times its steady-state 

current with the result that system voltage can be significantly depressed for seconds after the 
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fault is cleared further aggravating the initial fault voltage depression.  As a result, additional 

induction motors can slow down and stall and create a voltage cascade. 

Planning studies have not been able to simulate FIDVR events very accurately due to 

inaccurate modeling of A/C motor loads.  Uncorrected, this modeling deficiency has a two-

fold detrimental effect.  First, it can result in studies that do not adequately identify potential 

FIDVR events.  Second, it can give false confidence in mitigation plans designed to prevent 

reoccurrence of events.   

There have been a number of incidents of delayed voltage recovery or voltage 

collapse following a major transmission system disturbance on several utility systems in 

recent years.  Some of these incidents are described in detail in [2, 3, 4].  In all these cases, 

post-incident analyses have attributed these incidents to the increased reactive power demand 

of stalled A/C motor loads under reduced voltage conditions and the lack of adequate 

dynamic reactive power support in the system. 

Another question that arises while deciding on an accurate load model to capture the 

behavior of several such components is that of aggregation.  The simplistic approach that is 

adopted in most studies is to aggregate all the individual motor models in a sufficiently large 

area into a single equivalent motor model at a particular bus.  The key characteristic of the air 

conditioner motors is their stalling behavior.  An aggregate model that combines several air 

conditioner units into a single unit is bound to lose key information about the stalling 

characteristics of these machines and lead to inaccurate composite load modeling. 

In this thesis, a detailed model for A/C compressor motors is considered.  The model 

is based on the dynamic phasor modeling approach developed by B. Lesieutre in [1].  The 
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model is dynamic in nature and accurately captures the relations between voltage, frequency, 

active power, and reactive power.  The model simulations show the typical behavior of these 

machines in the event of a fault resulting in delayed voltage recovery.  The differential-

algebraic impulsive switched (DAIS) modeling framework for power system simulation 

developed by I. Hiskens [5, 6] is used to simulate the A/C motor model.  Furthermore, 

sensitivity analysis on the A/C motor model is performed to arrive at the set of more 

significant model parameters.  The other part of this thesis is directed towards investigating 

cascaded stalling of air conditioners and using this information to come up with a better 

structure for aggregate A/C motor load modeling.   

 

Outline of Text by Chapter 

 Chapter 1 presents a brief literature review of load modeling in power systems, 

FIDVR modeling efforts and bifurcation analysis in power systems. 

 The A/C motor model using the dynamic phasor modeling approach is presented in 

chapter 2.  The DAIS framework used to simulate the system and to perform sensitivity 

analysis is also briefly discussed.  Simulation results of the model are presented along with 

results of sensitivity analysis to arrive at the more sensitive model parameters. 

 Chapter 3 presents a continuation method based on the predictor-corrector approach 

adopted to investigate cascaded stalling of A/C motors.  A system consisting of two phasor 

modeled A/C motors connected to a voltage source through a feeder is considered and the 

results of the continuation method applied to this system are presented. 

 Chapter 4 includes a concluding summary and recommendations for future work. 



5 

Chapter 1   Literature Review 
 

1.1 Load Modeling in Power Systems 

 The power system engineer bases decisions concerning system reinforcements and 

system performance in large part on the results of power flow and stability simulation 

studies.  Representation inadequacies that cause under or over building of the system or 

degradation of reliability could prove to be costly.  In performing power system analysis, 

models must be developed for all pertinent system components, including generating 

stations, transmission and distribution equipment and loads.  Much attention has been given 

to models for generation and transmission and distribution equipment.  The representation of 

loads has received less attention and continues to be an area of greater uncertainty.  Many 

studies have shown that load representation can have significant impact on analysis results 

[7, 8].  Loads for voltage stability analysis are typically represented as a combination of static 

and dynamic loads.  Some of the commonly used static load models are as follows: 

1. Constant impedance load model is a static load model where the power varies directly 

with the square of the voltage magnitude.  It may also be called a constant admittance load 

model.  

2. Constant current load model is a static load model where the power varies directly with 

the voltage magnitude.  

3. Constant power load model is a static load model where the power does not vary with 

changes in voltage magnitude.  It may also be called constant MVA load model. Because 

constant MVA devices, such as motors and electronic devices, do not maintain this 
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characteristic below some voltage (typically 80 to 85%), many load models provide for 

changing constant MVA load model to constant impedance load model or tripping the load 

below a specified voltage.  

4. Polynomial load model is a static load model that represents the power relationship to 

voltage magnitude as a polynomial equation, usually of the form,  

P = Po



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
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
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
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Where,  

V is the bus voltage magnitude, 

P and Q are the active and reactive powers consumed by the load respectively, 

Vo , Po and Qo are the nominal operating values for V, P and Q respectively. 

The parameters of this model are the coefficients a1 to a6 and the power factor of the load.  

This model is sometimes referred to as the ―ZIP‖ model, since it consists of the sum of 

constant impedance (Z), constant current (I) and constant power (P) terms. 

5. Exponential load model is a static load model that represents the power relationship to 

voltage as an exponential equation, usually of the form,  

P = Po






V

Vo

np

  (1.3) 

Q = Qo





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V
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nq

  (1.4) 
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The parameters of this model are the exponents np and nq, and the power factor of the load.  

By setting these exponents to 0, 1, or 2, the load can be represented by constant power, 

constant current or constant impedance models respectively.  Other exponents can be used to 

represent the aggregate effect of different types of load components.  Exponents greater than 

2 or less than 0 may be appropriate for some types of loads.  

6. Frequency-dependent load model is a static load model that includes frequency 

dependence.  This is usually represented by multiplying either a polynomial or an 

exponential load model by a factor of the form, 

 [ ]1 + af( )f − fo   (1.5) 

Where,  

f is the frequency of the bus voltage,  

fo is the rated frequency and af  is the frequency sensitivity parameter of the model. 

 The most commonly accepted static load model represents active power as constant 

current, and reactive power as constant impedance [7].  The constant current model for active 

power stems from the resistive nature of heating and lighting loads and the characteristics of 

motor loads.  The constant impedance representation of reactive power results from the 

leakage and magnetizing reactance of transformers and motors, and power factor correction 

capacitors.  Constant impedance, current and power (ZIP load model) static load models with 

algebraic equations using coefficients for different types of loads have also been used for 

steady-state voltage stability analysis [9, 10].  Some of the other modeling techniques in the 

literature of power system load modeling are also briefly discussed here. 
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 A modeling technique based on real system data is presented by the authors in [11].  

This technique is based on genetic algorithm (GA).  Different from conventional 

optimization techniques, genetic algorithm is a population-based algorithm.  The population 

of all possible solution sets is generated in a stochastic manner and the best found solution set 

acts as parents for successive generations.  The authors propose an equivalent area load 

model and to optimize the parameters of this model, an improved GA is presented.  

Simulation results show that this method is capable of finding a precise model for the load 

area in a particular power system.  The model presented in this paper is a polynomial load 

model and does not address the dynamic aspects of loads. 

 The authors in [12] present a non-linear dynamic load model using GA.  The authors 

develop a composite dynamic static model (CDSM), which includes the effect of voltage 

angle on transient active power.  They use GA for the estimation of parameters.  The GA 

based parameter estimation approach is successfully applied to induction motor models, input 

output models and neural network models.   

 The authors in [13] propose an approach to dynamic load modeling.  They use a 

constrained non-linear recursive filter (CNLRF) for parameter estimation, which is based on 

data obtained from field tests.  A power system may consist of different types of complex 

loads with different characteristics.  To aggregate these different types of loads and to 

represent them in the form of equivalent models is important with regard to the modeling and 

analysis of the system.  Induction machines are major loads in any power system in most of 

the cases.  There are two approaches for the aggregation of induction motors; one is 

theoretical aggregation, and the other is identification aggregation.  Theoretical aggregation 
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requires the parameters of all individual loads and transmission and distribution lines, which 

is not practically feasible.  Identification aggregation methods are based on the least square 

parameter estimation algorithm and require iterative solution of the state equations.  The 

authors suggest an improved method of identification aggregation for the dynamic load 

model, which identifies model parameters based on the input-output information of the 

system without resorting to iterative solution of the state equations. 

The main limitation of the static load model is that it does not represent the increased 

active and reactive power demands of motor loads under reduced voltage conditions (due to 

the motors slowing down), as well as the behavior of stalled motor loads. 

1.2 Fault-Induced Delayed Voltage Recovery 

The North American Electric Reliability Corporation (NERC) Transmission Issues 

Subcommittee provides the following definition for FIDVR in their recently published white 

paper [14]:  

Fault-Induced Delayed Voltage Recovery — a voltage condition initiated by a fault and 

characterized by:  

 Stalling of induction motors  

 Initial voltage recovery after the clearing of a fault to less than 90% of pre-

contingency voltage  

 Slow voltage recovery of more than 2 seconds to expected post-contingency steady-

state voltage levels. 

  Recently, some people have contributed towards trying to accurately model FIDVR-

type events.  The authors in [15] propose an aggregate load model that includes induction 
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motors, static constant current and constant impedance load models.  They consider the 

distribution of loads as 50% small induction motor loads and 50% static loads.  They validate 

their model based on actual events observed during 1999 and 2006 in the southern control 

area.  Their model replicates delayed voltage recovery in the event of a fault.  The model is 

developed using the standard PSS/E models.  They mention that their model does not fully 

capture stall characteristics of induction motors.  Also, it is mentioned that further work is 

needed in coming up with a more robust aggregate load model in order to capture future 

FIDVR-type events.   

The authors in [16] present a methodology to model the effects of stalled induction 

motors.  They model air conditioners as standard induction motors in PSS/E in normal 

running conditions.  In order to model stalled air conditioners they scale the nominal power 

equations with the stalled condition current in order to capture the increased power 

consumption.  They assume fixed values of pre-stall and post-stall power factors and locked-

rotor current.  They compare the results of this model with the standard PSS/E ―CLOD‖ load 

model and show that their model reflects the sustained increase in active and reactive power 

consumption after the motor stalls.   

P. Pourbeik and B. Agrawal propose a hybrid model to represent the behavior of air 

conditioner motors in [17].  In order to demonstrate the air conditioner motor stalling 

behavior, their model switches from a standard 3-phase induction motor model to a constant 

impedance model when the motor terminal voltage goes below a certain pre-defined value.  

They validate this model based on data from an event that occurred on the Arizona Public 

Services (APS) system in 2003.  They also point out that the model is significantly sensitive 
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to the ―stall voltage‖ of motors (the pre-defined value below which the model switches to 

constant impedance).  A similar approach is used in [18]. 

The Western Electricity Coordinating Council (WECC) Load Modeling Task Force 

(LMTF) is in its final stages of developing a detailed composite load model which includes a 

performance model to capture the stalled behavior of air conditioner motors [19].  In 1997, 

WECC started using the ―interim‖ load model for its studies.  The ―interim‖ load model 

consisted of 20% load represented by induction motors and 80% load represented by the 

static ZIP model.  Although this model was able to validate against major observed 

disturbances, it was not able to capture delayed voltage recovery due to air conditioner 

stalling in the event of a fault.  In 2002, the WECC LMTF was formed to come up with a 

more appropriate composite load model.  The present composite load model includes a 

performance model for air conditioner motors and is considered to be good enough to model 

these motors and capture FIDVR-type events.  The performance model is represented by a 

static exponential model during normal running conditions whose parameters are decided 

based on experimental test data and by a constant impedance during the stalled condition.  

This is found to be good enough to match the observed power and current measurements 

during various experiments.  Although this model doesn‘t capture the motor dynamics, it has 

been justified by the fact that since A/C compressor motors have very low inertias (of the 

order of 0.05 seconds), they switch from the running state to the stalling state within a few 

cycles and not much information is lost during these few cycles.  The model switches from 

the static exponential model to constant impedance model based on the terminal voltage 

going below a certain pre-defined value, similar to the approach adopted in [17, 18].  It is 
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found that this pre-defined voltage value is a function of the ambient temperature and the 

fault duration.  This value typically ranges from 0.5 to 0.6 p.u.       

 In this thesis, the dynamic A/C motor model presented in [1] is considered.  The 

model accurately captures the dynamics of the machine and also demonstrates the stalled 

behavior of these machines.  The model has been found to be rich enough to model air 

conditioner loads both during steady-state operation and transients.   

 The performance model that switches from an exponential static model to a constant 

impedance model depending on the terminal voltage going below a pre-defined value has to 

deal with the uncertainty involved in selecting the right pre-defined value for the equivalent 

model representing the aggregated effect of several machines in an area.  If one motor stalls, 

it draws an excessively high amount of current in its stalled state, leading to a further drop in 

voltage.  This drop in voltage may lead to the stalling of other motors having a slightly lower 

pre-defined voltage setting, leading to cascaded stalling of motors.  In order to capture such a 

phenomenon, one solution is to set the pre-defined voltage value of the equivalent motor 

model at the value corresponding to the highest pre-defined value among all the motors in 

that area.  Another approach is to set the value at the weighted average value of all the 

motors in the area.  Both these approaches are not the best approaches to model the aggregate 

effect of several A/C motors in an area.  

 The authors in [20] propose an aggregation method for induction motors based on the 

conventional steady-state performance equations.  Their procedure satisfies the power 

invariance condition, neglects the stator resistance and places the magnetizing reactance at 

the motor terminals.  The motor circuits are then connected in parallel and are reduced to a 
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single equivalent circuit representing the aggregate motor.  To determine the inertia constant 

of the aggregate motor, they used the KVA weighted average of individual motor inertia 

constants.  Most other recent methods combine several motors into a single equivalent motor 

at a particular bus such that the power drawn by the equivalent motor equals the net power 

drawn by the individual motors.   

A more refined approach to aggregate air conditioners based on their stalling behavior 

is presented in this work.  Analytical tools based on bifurcation theory are used to 

characterize different operating scenarios possible for different system conditions.    

1.3 Bifurcation Analysis in Power Systems 

Electric power systems are large physical systems interconnecting various devices to 

perform generation, delivery, and consumption of electricity.  From an engineering point of 

view, the task in the power system operation is to maintain proper frequency and voltage 

magnitude within appropriate tolerance so that the system may operate at a stable equilibrium 

point in the steady-state.  Power system equilibrium equations which determine the system's 

operating state typically depend on a very large number of parameters.  Hence, numerous 

parameters such as generation, load, network conditions, etc., that can change with time and 

circumstances affect the system behavior.  Under normal variations of those parameters, the 

operating point varies smoothly and so the variation can be tracked by local linear analysis.  

However, this behavior changes qualitatively at certain critical parameter values such that the 

equilibrium point becomes unstable causing operational problems.  One such operational 

problem occurs in the area of system voltage magnitude, which is affected due to various 

phenomena such as A/C motor stalling.  This voltage decrement could be spread 
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uncontrollably throughout the power system causing a total (blackout) or partial disruption of 

the power system operation.  The phenomenon of this catastrophic event is referred to as a 

voltage collapse.  Voltage collapse problems are considered to be the principal threat to 

power system stability, security and reliability in many utilities around the world [21].   

Several methods have been proposed to find the critical parameters that make an equilibrium 

point unstable or disappear, producing a voltage collapse [21].  Bifurcation theory has 

received considerable attention from researchers to increase the understanding of the 

complex behavior associated with the voltage collapse phenomenon [22, 23, 24].   

Bifurcation theory refers to characterizing sudden changes in the qualitative response 

of the system as its parameters are varied smoothly and continuously over a specified range.  

When these changes relate to qualitative changes occurring in the neighborhood of an 

equilibrium point or limit cycle such that an equilibrium point or limit cycle appears, 

disappears, or loses stability, they are referred to as local bifurcations.  In bifurcation 

problems, it is very useful to consider a space formed by the system state variables and 

parameters, called the state-control space.  In this space, locations at which bifurcations occur 

are called bifurcation points.  The numerical analysis to locate these points is based on the 

principle of continuation.  Several people have proposed different implementations of the 

continuation method in the literature to detect bifurcations in power systems [25, 26, 27, 28, 

29].   

A continuation method generates a chain of solutions from an established solution of 

the equations representing the system under analysis.  The solution branch thus established 

can then be examined for bifurcation points, at which a qualitative change can be observed.  
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The representation of this branch of solutions in the state-control space is referred to as a 

bifurcation diagram.  The stability properties of the bifurcation diagram can be studied by 

established analysis techniques such as eigenvalue analysis.   

The authors in [30] present the bifurcation analysis of a detailed power system model 

consisting of an aggregated induction motor load and impedance load.  They use detailed 

differential equation models for the generator system, short transmission system and the 

loads.  The induction motor is modeled using a standard 3-phase dq0 model.  The load torque 

on the motor is modeled as a linear function of the rotor speed and the coefficient that sets 

the slope of this function is considered as the free parameter in order to perform bifurcation 

studies.  They show that first order induction motor models are adequate for saddle-node 

bifurcation studies, whereas steady-state models are not adequate for such analyses.  Further, 

they conclude that when oscillatory modes associated with Hopf bifurcation are to be studied, 

higher order motor models must be used.   

The authors in [31] study the effect of induction motor stalling on power system 

voltage stability using bifurcation theory.  The mechanical load torque is modeled as a linear 

function of a free parameter.  A two motor, four bus system is considered for the analysis.  

The plot of the motor terminal voltage vs the torque parameter is used to study motor 

cascaded stalling.  They show that there is a possibility of cascaded stalling if one of the 

motors stalls first, depending on the coefficient of the free parameter for each of the two 

motors.      

In this work, a continuation method is used to solve for equilibrium points of a system 

consisting of two phasor modeled A/C motors connected to a voltage source through a simple 
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impedance network.  While allowing the source voltage to vary freely, the algorithm solves 

for various steady-state operating points.  Eigenvalue analysis is used to arrive at stable 

regions of operation.  This information would prove to be very useful in coming up with a 

methodology to model the aggregated effect of air conditioner motors in order to 

appropriately model a large number of such machines in the system.     
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Chapter 2 Modeling and Simulation 
 

This chapter presents the modeling and simulation approaches adopted in this thesis 

to model an air conditioner compressor motor.  Simulation results of various tests performed 

on this model are presented.  A phasor modeling approach is used to model the air 

conditioner compressor motor.  The Differential Algebraic Impulsive Switched (DAIS) 

model is used for the simulations and also to obtain trajectory sensitivities to changes in 

various model parameters.  Trajectory sensitivities give a good estimate of the more 

significant parameters that influence the performance of the model.  In the following sections 

of this chapter, the theoretical models are presented.  Next, the results of the simulations are 

presented. 

2.1 Phasor Model of Air Conditioner Compressor Motors 

 The mathematical model presented in [1] is considered here.  It is well known that a 

typical air conditioner compressor motor consists of a single phase induction motor.  The 

load torque of these machines is typically constant for various speeds of operation.  The 

phasor model accurately captures the dynamics of the machine and also demonstrates the 

stalled behavior of these machines.  The model has been found to be rich enough to model air 

conditioner loads both during steady-state operation and transients.  

The mathematical equations governing the model behavior are as follows [1]: 

Vs  = 








rds + j
ωs

ωb
Xds'  ( )Ids

R + jIds
I  + j







ωs

ωb
 
Xm

Xr
 ( )Ψdr

R + jΨdr
I   (2.1) 
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Vs  = 








rqs + j
ωs

ωb
Xqs' + j

ωb

ωs
Xc  ( )Iqs

R + jIqs
I  + j







ωs

ωb
 
nXm

Xr
 ( )Ψqr

R + jΨqr
I     (2.2) 









( )Ψf

R + jΨf
I

 ( )Ψb
R + jΨb

I
   = 

1

2
 






1 −j

1 j
 









( )Ψdr

R + jΨdr
I

 ( )Ψqr
R + jΨqr

I
  (2.3) 









( )Ψdr

R + jΨdr
I

 ( )Ψqr
R + jΨqr

I
   = 







1 1

j −j
 









( )Ψf

R + jΨf
I

 ( )Ψb
R + jΨb

I
      (2.4) 









( )If

R + jIf
I

 ( )Ib
R + jIb

I
   = 

1

2
 






1 −jn

1 jn
 









( )Ids

R + jIds
I

 ( )Iqs
R + jIqs

I
      (2.5) 









( )Ids

R + jIds
I

 ( )Iqs
R + jIqs

I
   = 







1 1

j/n −j/n
 









( )If

R + jIf
I

 ( )Ib
R + jIb

I
     (2.6) 

To'
d

dt
 ( )Ψf

R + jΨf
I  = 

Xm ( )If
R + jIf

I  − ( )sat(Ψf, Ψb) + j(ωs − ωr) To'  ( )Ψf
R + jΨf

I    

(2.7) 

( )Ψb
R + jΨb

I   = 
Xm ( )Ib

R + jIb
I

( )sat(Ψf, Ψb) + j(ωs + ωr) To'
   (2.8) 

2H

ωb
 
dωr

dt
  = 

Xm

Xr
 2( )If

I Ψf
R − If

R Ψf
I − Ib

I Ψb
R + Ib

R Ψb
I  − Tmech (2.9) 

Is = [ ]( )Ids
R + jIds

I  + ( )Iqs
R + jIqs

I ejφ  (2.10) 

sat(Ψf , Ψb)  = 


1 for Ψ ≤ bsat

1 + Asat ( )Ψ − bsat
2 for Ψ ≥ bsat 

  (2.11) 

and Ψ = ( )Ψf
R 2

 + ( )Ψf
I 2

 + ( )Ψb
R 2

 + ( )Ψb
I 2

   (2.12) 
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Where, 

Vs  – applied voltage phasor, 

ωs  – applied voltage frequency, 

φ – applied voltage phase angle, 

ωb – frequency base, 

H – motor inertia, 

n – ratio of stator auxiliary winding turns to stator main winding turns, 

Tmech – mechanical load torque, 

rds – d-axis stator resistance, 

rqs – q-axis rotor resistance, 

Xds'  – d-axis stator transient reactance, 

Xqs' – q-axis stator transient reactance, 

Xm  – magnetizing reactance, 

Xr – rotor reactance, 

Xc – capacitive reactance, 

Asat – saturation constant, 

bsat – saturation constant, 

To'  – rotor time constant, 

and, 

ωr – motor speed, 

Ids
R – real part of d-axis stator current, 
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 Ids
I – imaginary part of d-axis stator current, 

Iqs
R – real part of q-axis stator current,    

Iqs
I – imaginary part of q-axis stator current, 

Ψdr
R – real part of d-axis rotor flux voltage,  

Ψdr
I – imaginary part of d-axis rotor flux voltage, 

Ψqr
R – real part of q-axis rotor flux voltage,  

Ψqr
I – imaginary part of q-axis rotor flux voltage, 

Ψf
R – real part of forward rotating flux voltage,  

Ψf
I – imaginary part of forward rotating flux voltage, 

Ψb
R – real part of backward rotating flux voltage,  

Ψb
I – imaginary part of backward rotating flux voltage, 

 If
R – real part of forward current,  

 If
I – imaginary part of forward current,  

 Ib
R – real part of backward current,  

 Ib
I – imaginary part of backward current, 

 Is  – stator current, 

 sat(Ψf , Ψb) – saturation function. 

 

 It can be seen that this model is a 3
rd

 order differential-algebraic model with 

saturation effects incorporated and it captures the detailed electrical behavior of these 
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machines.  In order to simulate the dynamical behavior of the A/C motors, the phasor model 

is developed in the DAIS framework, which is briefly described in the following section.  

2.2 Differential-Algebraic Impulsive Switched Model 

The usual approach to model a power system is using a differential-algebraic set of 

equations (DAE) of the form: 

x
.
 = f(x , y) (2.13) 

0 = g(x , y) (2.14) 

Where, 

x ∈ Rn  

y ∈ Rm  

f : Rn+m → Rn  

g : Rn+m → Rm  

x is a vector of n dynamic state variables,  

y is a vector of m algebraic state variables.   

The differential variables (dynamic state variables) typically include the mechanical states of 

the generators, the electrical states of the generator rotor, the excitation and governor systems 

(voltage and frequency controls respectively), and the dynamic states of the loads.  The 

algebraic states are mainly determined by the transmission network and algebraic states of 

the generator stator and the loads.  The parameters of the system such as resistances, 

inductances, capacitances, etc., can be included in the x variables by making sure that 

corresponding to each parameter p, a trivial differential equation, 
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p
.
 = 0 (2.15) 

is included in the f equations.  One way to think of the DAE structure is to consider the 

function g as describing an m-dimensional manifold to which the differential equation set f is 

constrained.  Power systems often involve several switching actions and transformer tap 

changes.  To incorporate such events into a modeling framework, an extension to the DAE 

structure can be used.  This framework has been called the Differential-Algebraic Impulsive 

Switched (DAIS) model [5, 6].  Symbolically, it can be represented as: 

x
.
 = f(x , y) 

(2.16) 

0 = g(x , y) (2.17) 

0 = g−(x , y) if s(x , y) < 0 (2.18) 

0 = g+(x , y) if s(x , y) > 0 (2.19) 

x+ = h−(x−, y−) if s(x , y) = 0 (2.20) 

Where, s(x , y) represents the switching function that decides which equations are to be 

considered depending on the status of an event.  The DAIS model captures all the important 

aspects of hybrid system behavior, namely, the interaction between continuous and discrete 

states as they evolve over time.  The time varying solutions to this system of equations are 

given by the time varying trajectories of the system.  Trajectories describe the behavior of the 

dynamic states x and the algebraic states y over time.  More formally, flows of x and y can be 

defined as: 

φ(xo , t) = 






φx(xo , t)

 φy(xo , t)
  = 





x(t)

y(t)
  (2.21) 
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Where,  

xo represents the initial conditions of the model, 

φx(xo , t) represents the flow of x,  

φy(xo , t) represents the flow of y, 

φ(xo , t) represents the system flow. 

To explore the effect of small changes in the parameters and/or initial conditions on 

the system flow, it is useful to look at the trajectory sensitivities.  Trajectory sensitivity 

analysis provides a way of quantifying the changes in the flow of the system that result from 

small changes in parameters and/or initial conditions of the states.  Rather than linearizing 

around an operating point, trajectory sensitivities are the linearization around a nominal 

trajectory.  The trajectory sensitivities can be obtained by forming a Taylor series expansion 

of the flow equations (2.21).  The resulting approximate changes in trajectories due to small 

changes in initial conditions are given by, 

Δx(t) = 
∂x(t)

∂xo
 Δxo  ≡ Φ(xo , t) Δxo (2.22) 

Δy(t) = 
∂y(t)

∂xo
 Δxo  ≡ Ψ(xo , t) Δxo (2.23) 

Where, 

Φ(xo , t) – trajectory sensitivities of x(t), 

Ψ(xo , t) – trajectory sensitivities of y(t). 

Details of the computation of trajectory sensitivities over time, both away from events and at 

events are given in [5].  The solution of the DAIS model at each time step may be obtained 

by applying the Newton‘s method.  The partial derivative matrix or the Jacobian matrix used 
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in the Newton‘s method to find the next point in the simulation is the same matrix used in the 

computation of the trajectory sensitivities.   

2.3 Simulation Results 

This section presents the simulation results of the phasor modeled A/C motor using 

the DAIS model.  The data corresponds to that of a 240 V, 3.5 ton air conditioner.  The 

model parameter values used for the simulation studies are taken from [1] and are shown in 

Table 2.1. 

Table 2.1  Model Parameter Values. 

ωs  = 377 rad/sec rds = 0.0365 p.u. Xr = 2.33 p.u. 

ωb  = 377 rad/sec rqs = 0.0729 p.u. Xc = -2.779 p.u. 

H = 0.04 sec Xds' = 0.1033 p.u. Asat = 5.6 

n = 1.22 Xqs' = 0.1489 p.u. bsat = 0.7212 

Tmech = 1.045 p.u. Xm = 2.28 p.u. To'  = 0.1212 

 

First, a ramp voltage input is applied to the terminals of the motor.  The voltage is 

shown in Figure 2.1.   
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Figure 2.1  Voltage (p.u.) vs Time (sec) for Ramp Test. 

 

The motor starts running with a full voltage of 1 p.u. applied across its terminals.  At time = 

10 secs, the voltage is ramped down till it reaches a value of 0.01 p.u. at time = 40 secs.  In 

the duration of time = 40 secs to time = 50 secs, the voltage is maintained at this low value.  

At time = 50 secs, the voltage starts to ramp up until it reaches a value of 1 p.u. at time = 80 

secs.  Beyond this time, the voltage is maintained at 1 p.u.  With this input applied, it is 

observed that the motor runs at a steady speed until the voltage starts to go down at time = 10 

secs.  Once the voltage starts ramping down, the motor starts decelerating, as shown in the 

speed (rad/sec) vs time (sec) plot in Figure 2.2.   
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Figure 2.2  Speed (rad/sec) vs Time (sec) for Ramp Test. 

 

At time = 23.5 secs, the motor comes to a complete stop.  The terminal voltage at this point is 

0.59 p.u.  Beyond this point, the motor remains stalled, even when the voltage is ramped up 

to the nominal 1 p.u. value, as can be seen from Figure 2.2.  This accurately captures the 

stalled behavior of air conditioner motors.  The plot of current (p.u.) drawn by the motor vs 

time (sec) is shown in Figure 2.3.  It can be seen that the current drawn by the motor is very 

high in the stalled condition when the voltage in near its nominal value of 1 p.u.  Also, in the 

stalled condition, the motor current follows the voltage behavior.  This is because in the 

stalled condition, there are no shaft dynamics involved and so, the motor behaves like a 

constant impedance load whose value corresponds to the locked rotor impedance of the 

induction motor. 
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Figure 2.3  Current (p.u.) vs Time (sec) for Ramp Test. 

 

The active and reactive power plots are shown in Figures 2.4 and 2.5 respectively.   

 

Figure 2.4  Active Power (p.u.) vs Time (sec) for Ramp Test. 
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Figure 2.5  Reactive Power (p.u.) vs Time (sec) for Ramp Test. 

 

From these plots it can be seen that the active and reactive power values reach very 

high values once the motor is in the stalled condition and the voltage reaches near its nominal 

1 p.u. value. 

Next, the relative importance of the A/C motor model parameters is studied.  As 

mentioned in the previous section, the additional benefit of using the DAIS model is the 

trajectory sensitivity information.  The sensitivity of motor speed, active power and reactive 

power to various machine parameters is shown in Figures 2.6, 2.7 and 2.8 respectively.   
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Figure 2.6  Sensitivity of Speed  vs Time (sec) for Ramp Test. 

 

 

Figure 2.7  Sensitivity of Active Power vs Time (sec) for Ramp Test. 
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Figure 2.8  Sensitivity of Reactive Power vs Time (sec) for Ramp Test. 

 

Since the machine parameter values are significantly different from each other, a 

better estimate of the relatively significant parameters may be obtained by looking at the 

relative sensitivities.  That is, by looking at the change in trajectory to a small per unit change 

in each parameter, while considering the nominal parameter values as the base.  This way, 

one can arrive at an estimate of which parameters are relatively more important than the 

others.  The relative sensitivity of reactive power to various parameters is shown in Figure 

2.9.   
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Figure 2.9  Relative Sensitivity of Reactive Power vs Time (sec) for Ramp Test. 

 

From Figure 2.9 it can be seen that in the pre-stall condition, i.e, for time < 23.5 secs, 

the more sensitive parameters in descending order of sensitivity are Xm , Xr , bsat , Xc and n.  

In the post-stall condition, i.e, for time > 23.5 secs, the more sensitive parameters in 

descending order of sensitivity are Xm , Xr , To'  , rds , Xds' and Xc .  Note that in the post-stall 

condition, the more sensitive parameters are the stator equivalent circuit resistance and 

reactance parameters, since in this condition the motor behaves like a constant impedance 

load.   

 Next, a sinusoidal voltage is applied across the motor terminals as shown in Figure 

2.10.   
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Figure 2.10  Voltage (p.u.) vs Time (sec) for Sinusoidal Test. 

 

The frequency of the voltage is varied every few seconds.  Four different frequencies 

with values 0.1 Hz, 0.25 Hz, 0.7 Hz and 1.5 Hz respectively are considered, as shown in 

Figure 2.10.  The corresponding relative sensitivity of reactive power to various motor 

parameters is shown in Figure 2.11.   
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Figure 2.11  Relative Sensitivity of Reactive Power vs Time (sec) for Sinusoidal Test. 

 

From Figure 2.11 it can be seen that the more sensitive parameters are Xm , Xr , bsat , 

Xc and n, the same as those observed for the ramp voltage test in the pre-stall condition.  This 

information can be effectively used in model parameter validation studies using actual test 

data.  This information of relatively important parameters gives a direction in which the 

model parameters may be tuned to better estimate all the model parameters. 
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Chapter 3 Cascaded Stalling 
 

3.1 Background 

As mentioned in the introduction, the other challenge in modeling the behavior of 

A/C compressor motors in power systems is accurate aggregate modeling of these machines.  

The modeling approaches that use a pre-defined voltage to switch between a normal 

induction motor model and the constant impedance model to distinguish between a normally 

running A/C motor and a stalled one use a simplified approach to aggregation.  They assume 

that the motors in a particular area would behave in a similar manner, and hence, aggregate 

all such motors into a single motor model with a pre-defined stall voltage.  It is possible that 

once an A/C motor stalls in the event of a fault, it results in cascaded stalling of other motors 

in the system due to the reduction in voltage.  It is also possible that stalling of one motor 

may not lead to the stalling of another.  So, it may not be accurate to model the aggregate 

effect of all the motors in an area by representing them by a single motor.  This chapter 

presents an analytical approach to studying the behavior of several A/C motors in an area 

during the event of a fault, so that a more accurate methodology to model the aggregate 

effect of such motors can be adopted. 

The approach is based on finding steady-state solutions to a system consisting of 

more than one A/C motor connected to a source through a network.  By allowing the source 

voltage to vary freely, various operating points of the system can be obtained and the stalling 

behavior of these motors can be studied.  A continuation method based on the predictor-

corrector approach is adopted to obtain the steady-state solutions while allowing the source 
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voltage to be a free parameter.  For every value of the source voltage, the system equilibrium 

point can be obtained by solving for the steady-state conditions.  The equilibrium points may 

undergo a change in their stability properties for certain critical values of the free parameter.  

To study the qualitative changes in the equilibrium points as the free parameter varies, 

bifurcation analysis is used.   

Bifurcation theory yields tools that are able to classify, study, and give qualitative and 

quantitative information about the behavior of a non-linear system close to bifurcation or 

critical equilibrium points as the system parameters change.  The parameters are assumed to 

change slowly, so that the system can be assumed to move from one equilibrium point to 

another as the parameters change.  Hence, bifurcation analysis is usually associated with the 

study of equilibria of non-linear system models [32].  One type of bifurcation that is 

commonly observed in power system models is the saddle-node bifurcation (SNB).  Saddle-

node bifurcations are characterized by two equilibrium points, typically one stable (s.e.p.) 

and one unstable (u.e.p.), merging at the bifurcation point for a particular parameter value.  

This equilibrium point has a simple and unique zero eigenvalue of the Jacobian of the 

linearized system.  Beyond this point, there is a loss of equilibrium point.  The predictor-

corrector approach that is used to arrive at the equilibrium points as the free parameter is 

varied is described in the next section. 

3.2 The Predictor-Corrector Approach 

The DAIS set of equations for the system as presented in equations 2.13 and 2.14 can 

be written more compactly as, 
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F(z) = 




f(x , y)

g(x , y)
  (3.1) 

Where,  

z = 




x

y
  (3.2) 

The aim of a continuation method is to find solutions to F(z) = 0 for various values of a 

parameter so that resulting changes in the qualitative behavior of the system can be studied.  

The predictor-corrector approach is adopted to find these solutions [33].  This algorithm is an 

automated way of finding solutions to F(z) = 0 for various values of a free parameter.  The 

first step in the algorithm, the predictor step, is a way of predicting the next point on the 

curve.  Assume the algorithm starts at a point z1 which is obtained by solving for the steady-

state equations for a particular starting value of the free parameter.  The prediction of the 

next point is obtained by determining the unit vector tangent to the curve at z1, and moving 

along that direction at a pre-defined distance k.  This k is a scalar control parameter that 

determines the distance between successive points along the curve.  In regions of high 

curvature, k may need to be small.  When the curve is fairly linear, a large value of k would 

suffice.  The unit vector η which is tangential to the curve at z1 is given by, 

DF(z1)η = 0 (3.3) 

||η||2 = 1 (3.4) 

Where, DF(z1) is the Jacobian of F(z) at z1.   

η can be obtained from the QR factorization, 

DFT = QR (3.5) 

Where, Q is orthogonal and R is upper triangular.   
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The last column of Q is exactly the desired η.   

The prediction of the next point is then given by, 

zp = z1 + kη (3.6) 

The next step in the algorithm is to correct to a point z2 on the curve.  This step is called the 

corrector step.  This point is found by solving for the intersection of the curve and a 

hyperplane which passes through zp and that is orthogonal to η.  The equation of this 

hyperplane is given by, 

(z − zp)Tη = 0 (3.7) 

The point of intersection of the curve and the hyperplane is given by, 

Fcont(z) = 






F(z)

(z − zp)Tη
 = 0 (3.8) 

These set of equations can be solved for to obtain z2 using a standard Newton‘s method, 

where, the Jacobian is given by, 

DFcont = 






DF

ηT   (3.9) 

This way, the algorithm can be continued to find various points along the curve for different 

values of a parameter. 

3.3 System Description 

 In order to investigate cascaded stalling of air conditioner motors, a test system as 

shown in Figure 3.1 is considered.  In this system, two motors, M1 and M2 with the same 

ratings as considered in chapter 2 but slightly different electrical parameters are connected to 

a common bus.  These motors are fed by a constant voltage source through a network whose 
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impedance, Z = (R + jX), is such that at nominal conditions, the voltage drop between the 

source and the motor terminals is about 4 %.  The motors are modeled according to the 

dynamic phasor model as described in chapter 2.  Now, the continuation algorithm as 

described in the previous section is used to find various solutions for the system operation 

with the source voltage, Vs, being the free parameter.  The idea behind allowing Vs to vary 

freely is that, in the event of a fault, if one of the two motors stalls, that motor would draw a 

large amount of current in a stalled condition, which would lead to the motor terminal 

voltage to drop further.  This drop in voltage may lead to the stalling of the second motor.  

This would not be captured by allowing the motor terminal voltage itself to be a free 

parameter, since, the effect of stalling of one motor on the terminal voltage would not be 

reflected in that case.  If Vt is the motor terminal voltage, Is is the current fed by the source to 

the load bus, I1 and I2 are the currents drawn by the two motors respectively, then, 

   Vs = Vt + IsZ                     (3.10) 

    Is = I1 + I2          (3.11)  

So, if one motor stalls, it draws a high amount of current, leading to an increase in Is, in turn 

leading to a decrease in Vt.  This reduction in Vt may lead to stalling of the other motor. 

Vs Vt

R + jX

Is

I1

I2

M1

M2

 

Figure 3.1  Single Line Diagram. 
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3.4 Results 

It is useful to first understand the behavior of a single machine connected to the 

source through a network, while allowing the source voltage to vary freely.  The phasor 

modeled A/C motor is connected to the source through a network so that the nominal voltage 

drop between the source and the motor terminals is 4 %.   

 Figure 3.2 shows the torque-speed curve of the phasor modeled A/C motor.  This is 

obtained by allowing the motor load torque to be the free parameter in the continuation 

algorithm, while operating at a fixed source voltage of 1 p.u.  The green-colored dotted line 

represents the constant nominal load torque of 1.045 p.u.  This plot is very similar to the 

torque-speed curve of a standard 3-phase induction motor.  It is clear from the figure that for 

a constant torque operation, there exist two operating points for a given value of terminal 

voltage.  The region to the right of the maximum torque point is the stable operating region, 

while the region to the left of it is the unstable operating region.  Different types of load 

torque characteristics exist depending on the type of the application.  The load torque of a fan 

is typically a quadratic function of the speed of the motor.  The load torque of the A/C 

compressor motors is constant, independent of the speed of the motor.  This is the reason 

why these motors remain stalled once they come to a stop, as the starting torque required to 

restart these motors at their nominal terminal voltage is not sufficient to meet the constant 

load torque.   
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Figure 3.2  Torque (p.u.) - Speed (rad/sec) Curve. 
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locked-rotor torque, is smaller than the load torque for all of the curves and so, it remains 

stalled and cannot restart for any of these voltage values. 

 

Figure 3.3  Torque (p.u.) - Speed (rad/sec) Curve for Decreasing Voltages. 
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Figure 3.4  Torque (p.u.) - Speed (rad/sec) Curve for Increasing Voltages. 
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gets saturated, the torque per ampere capability of the machine goes down.  More amount of 

current is required to produce the same amount of torque as compared to the case when the 

machine is not saturated.  To be able to provide a higher amount of current, the machine runs 

at a lower speed (higher slip) so that the rotor equivalent resistance is lower and in turn the 

current is higher.  Hence, there is a shift in the point where the maximum slip occurs on the 

torque-speed curve when the machine is operated at higher voltages beyond the nominal 

voltage.         

 

Figure 3.5  Saturation vs Speed (rad/sec). 
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along these regions shows that the regions A-B and C-D are stable, but the region B-C is 

unstable.  B and C are the saddle-node bifurcation points.  B corresponds to the point where 

the critical source voltage exists such that below that voltage, the motor would stall.  In the 

region A-B, the motor is running normally at various source voltages.  When the point B is 

reached, there is a saddle-node bifurcation.  If the voltage is further reduced from this point, 

the motor enters the stall mode and the operating region corresponds to C-D.  In the region 

C-D, the motor remains stalled even if the voltage is increased from D towards C, until the 

point C is reached.  If the voltage is increased further from C, then the motor starts, since at 

this voltage it is able to produce sufficient torque to overcome the load torque.  Beyond this 

point, the region of operation is again A-B.  Thus, all the regions of operation are captured in 

this bifurcation diagram.      

 

Figure 3.6  Motor Slip vs Source Voltage (p.u.). 
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 For the same system, the plot of the motor terminal voltage (p.u.) vs the source 

voltage (p.u.) is shown in Figure 3.7.  The regions A-B, B-C, and C-D correspond to the ones 

shown in Figure 3.6.  The terminal voltage at point B is found to be 0.6 p.u.  Below this 

critical voltage value, the motor stalls.  The terminal voltage at point C is found to be 1.63 

p.u.  Above this critical voltage value, the motor is able to produce sufficient torque to restart 

from a stalled condition. 

 

Figure 3.7  Motor Terminal Voltage (p.u.) vs Source Voltage (p.u.). 
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motor slip vs source voltage (p.u.) for each of the two motors is shown in Figures 3.8 and 3.9 

respectively. 

 

Figure 3.8  Motor 1 Slip vs Source Voltage (p.u.). 

 

 

Figure 3.9  Motor 2 Slip vs Source Voltage (p.u.). 
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  The regions of operation of the motors are marked in green and red.  Green 

represents stable region while red represents unstable region.  If the initial operating point is 

the point O in Figures 3.8 and 3.9, both the motors are operating at a low slip (high speed).  If 

the source voltage is consistently decreased from here, both the motors consistently 

decelerate.  Eventually point A is reached beyond which if the source voltage is further 

reduced, both the motors stall (cascaded stalling) and operate in region D-E in the stalled 

condition.  Suppose, instead of decreasing the voltage at that critical point A the voltage is 

increased.  Then, motor 1 continues operating at a low slip while motor 2 operates closer to 

stall (region B-C).  Beyond point C, if the voltage is further decreased, motor 1 also stalls 

(cascaded stalling) and the region of operation becomes D-E.  Suppose beyond point B, if the 

voltage is further increased, then motor 1 continues running while motor 2 remains stalled 

until point D is reached.  Beyond the point D, if the voltage is increased, then both the motors 

run since the torque produced by motor 2 in the stalled condition is sufficient to overcome 

the load torque and start running.  Thus, the stable regions of operation O-A, B-C, and D-E 

represent three modes of operation of the motors: both running, motor 1 running and motor 2 

stalled, and both stalled respectively. 

 The plot of motor terminal voltage (p.u.) vs the source voltage (p.u.) is shown in 

Figure 3.10.  The regions O-A, A-B, B-C, C-D, and D-E correspond to the same regions of 

Figures 3.8 and 3.9.  At point A, the terminal voltage is around 0.63 p.u. and if the source 

voltage is slightly reduced from here, then motor 2 stalls.  This further decreases the terminal 

voltage, leading to the stalling of motor 1.  Hence, stalling of motor 2 in this case leads to the 

stalling of motor 1.  At point C in Figure 3.10, the terminal voltage is around 0.61 p.u., the 
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source voltage is 1.15 p.u and motor 2 is stalled.  Beyond this point, if the source voltage is 

further decreased, both the motors are stalled.  In the region B-C, only motor 2 is stalled 

while motor 1 keeps running.  So, it is possible to have one motor running while the other is 

stalled even when both the motors are very similar to each other.   

 

 

Figure 3.10  Motor Terminal Voltage (p.u.) vs Source Voltage (p.u.). 
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both the motors are running.  Here again, there is a possibility of cascaded motor stalling.  

There is also a possibility of one motor running while the other one is stalled.   

 

Figure 3.11  Motor 1 Slip vs Source Voltage (p.u.). 

 

 

Figure 3.12  Motor 2 Slip vs Source Voltage (p.u.). 
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 Comparing Figures 3.8 and 3.11, it can be seen that the region O-A matches for both 

these plots.  In region A-B, motor 1 either runs at low slip or at high slip and beyond B, 

motor 1 is either running or stalled.  Similarly for motor 2.  The high slip region of A-B in 

Figure 3.11 almost matches with the high slip region A-B of Figure 3.9, indicating that in this 

case, when initially motor 1 is running at a high slip, its behavior is similar to that of motor 2 

in the earlier case where motor 2 was running at high slip.  The slight difference in the curves 

is due to the fact that the two motors do not have identical model parameters.  Similar 

observations can be made for motor 2 by comparing Figures 3.12 and 3.8.  From Figure 3.12 

it can be seen that at point A, if the voltage is further increased, the motor keeps running at 

high slip and then, beyond a point jumps to a low slip region instead of continuing towards a 

stalled condition as seen in Figure 3.9.  This low slip region of motor 2 matches closely with 

the low slip region of motor 1 in the earlier case indicating that its behavior in this case is 

similar to that of motor 1 in the earlier case. 

 Thus, depending on the initial operating condition, various modes of operation of the 

two motors can be observed.  This is verified through a dynamic simulation as follows.  The 

same system is considered with both the motors running initially with the source voltage at 

1.5 p.u.  A fault is created at time = 10 secs such that the motor terminal voltage reaches a 

value of 0.6 p.u. and stays at that value for a duration of 5 electrical cycles.  The voltage 

comes back to its normal value after the fault is cleared.  The corresponding plot of source 

voltage (p.u.) vs time (sec) is shown in Figure 3.13.   
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Figure 3.13  Source voltage (p.u.) vs time (sec). 

 

 

Figure 3.14  Motor Speed (rad/sec) vs time (sec) with both running. 
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Figure 3.15  Motor Speed (rad/sec) vs time (sec) with one stalled, one running. 

 

 

Figure 3.16  Motor Speed (rad/sec) vs time (sec) with both stalled. 
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 Now, for such a voltage input, various modes of operation of the two motors can be 

obtained by considering motors of various inertias.  The steady-state solutions obtained using 

the continuation algorithm do not get affected by the motor inertias.  If both the motor 

inertias are 0.25 secs each, then the resulting plot of motor speed (rad/sec) vs time (sec) for 

the motors is as shown in Figure 3.14.  The motors decelerate due to a reduction in voltage at 

time = 10 secs, but regain speed once the voltage comes back to its nominal value.  Due to 

their high inertia, the motors do not come to a stall.  Next, for the same system, if the inertia 

of motor 2 is 0.04 secs, while the inertia of motor 1 is 0.25 secs, then motor 2 stalls but motor 

1 keeps running during the same fault, as shown in Figure 3.15.  If both the motors have low 

inertia of 0.04 secs respectively, then both the motors stall as a result of the reduction in 

voltage.  This can be seen in Figure 3.16.  If the inertia of motor 1 is 0.04 secs and that of 

motor 2 is 0.25 secs, then motor 1 would stall while motor 2 would keep running during and 

after the fault.  Thus all the modes of operation are observed when the motors are operating 

at a source voltage of 1.5 p.u. and a fault occurs at the source terminals. 

 This indicates that when arriving at an aggregate model of A/C motors in a system, it 

is not accurate to model all the motors in the same manner.  This would only reflect two 

modes of operation: all motors running and all motors stalled.  From the analysis above, it is 

clear that there is a possibility of one motor running while the other motor is stalled.  There is 

a possibility of cascaded motor stalling due to the stalling of one motor as well.   
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Chapter 4 Conclusions 
 

 A detailed dynamic load model for representation of the behavior of air conditioner 

compressor motors was presented in this thesis.  The model is based on the dynamic phasor 

modeling approach and is sensitive to voltage and frequency.  The model is simulated using 

the DAIS framework.  The resulting motor speed, current, and power plots accurately capture 

the behavior of such machines during and after a fault.  There are increasing numbers of 

FIDVR-type events being observed in the system and A/C motor stalling is found to be the 

primary reason for the occurrence of such events.  Accurate A/C motor modeling is the key 

to properly identifying potential FIDVR events and designing appropriate mitigation plans to 

prevent reoccurrence of such events.        

 The added benefit of DAIS, which is the trajectory sensitivity information, is used to 

arrive at the more significant model parameters.  This information may be used effectively in 

tuning the parameters for a large set of machines.  The more significant model parameters 

according to the reactive power plot for different voltage tests are found to be: Xm , Xr , bsat , 

Xc and n.  

 In order to develop an accurate composite load model, it is important to formulate a 

good methodology to aggregate a large number of A/C motors in the system.  An analytical 

approach based on bifurcation theory is presented to develop such a methodology.  A system 

consisting of an infinite bus connecting the load bus through a simple R-L network is 

considered.  A continuation method based on the predictor-corrector approach is used to 

arrive at system steady-state solutions as the source voltage is varied.  The plot of motor slip 
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vs source voltage shows all the possible operating regions possible: both motors running, one 

of the motors running while the other motor is stalled, and both the motors stalled.  The 

simplified approach of aggregating all motors of similar rating into one equivalent motor 

would only reflect two possibilities: all motors running and all motors stalled.  Also, the 

proposed approach shows the possibility of cascaded stalling of motors, depending on the 

system voltage and the inertia of the machines.  This information may be crucial in 

developing mitigation plans to avoid a FIDVR event leading to a voltage collapse. 

 Future work could involve development of a composite load model that includes the 

phasor modeled A/C motor load suitable for system wide dynamic simulation studies.  The 

results of the continuation method may be used for arriving at a more accurate aggregate 

motor model.  The model may be eventually used for either detailed planning studies or for 

validation studies of other approaches to dynamic load modeling.    
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