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Abstract 
 

The impact of restarting an induction machine, while coasting, was investigated in this study. When 

restarting an induction machine, high peaking current and torque transients appear. As a result, possible 

damage to the rotor shaft could occur together with a destabilising of the power system which could 

lead to fluctuating supply voltage levels. This dissertation investigated the restarting of two different 

efficiency class induction machines and analyses how a shift in the phase between the supply voltage 

and the residual voltage affects the restarting transients. Previous studies have been carried out on 

standard efficiency induction machines, however this study aimed to compare the impact of restarting 

on the standard and premium plus efficiency induction machines.  

 

The design differences between standard and energy efficient induction machines play a significant role 

in how these transients behave. The energy efficient machines were found to be made of higher grade 

lamination steel and larger sized conductors in order to reduce the stator and rotor copper losses.  Using 

material with a higher permeability, as is the case with energy efficient machines, ensures that the 

machines are able to retain less residual flux at the point of disconnect than standard motors. It is for 

this reason that the energy efficient machines have a larger residual voltage at the point of disconnect. 

However, the speed of the decay of the residual flux of the standard efficiency machine is higher than 

the energy efficient machine and, as a result, the energy efficient machine resulted with a higher residual 

voltage at the 180° phase shift. This leads to a larger potential difference for the energy efficient 

machines than the standard efficiency machines. However, the stator impedance of the energy efficient 

machine was established as a dominating factor in the outcome of the tests results. Energy efficient 

machines have a significantly lower impedance than standard efficiency machines and due to this, they 

are more susceptible to the detrimental effects of out-of-phase restarting. 

 

It was important to establish a critical point when the current and torque transients are at a maximum 

as the motors speed is winding down. It is necessary to minimise the effects of restarting at this critical 

point as the resulting developed torque can be mechanically detrimental to the shaft. The residual 

voltage needs to be minimised dramatically to a point where the out-of-phase reclosing will not give rise 

to significantly high torque transients. 

 

Additional to this study was the observation of the current and torque transients in the presence of 

voltage unbalance. Voltage unbalance presents a power quality issue which can potentially have a 

negative effect on the efficiency of an induction machine.  Both machines were tested for 0%, 1% and 

2% voltage unbalance with a focus on start-up and 180° restart. In addition, voltage unbalance was 

introduced at the rated voltage of 400 V with 10% variations above and below this rating for over and 

undervoltage respectively.  It was seen that the energy efficient machines were more vulnerable to 

unbalance effects due to a larger negative sequence air gap torque being developed under transient 

conditions. 
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1. Introduction 
 

1.1 Background to the study 

Induction machines are widely considered the workhorse of industry due to their ruggedness and ease 

of use. However, an interruption to their power supply can prove to be costly. A dip in voltage can have 

a negative impact on the daily operation of induction machines due to large inrush currents. The length 

of time taken to start up the machine can also prove costly since production is halted for a prolonged 

period of time. Thus, the instant restarting of such machines, while coasting, is often practiced yet it 

leads to undesirable effects. The current and torque spikes experienced by the stator and rotor 

respectively can potentially exceed the rated current and torque several times, which may be 

destructive [1]. 

 

Previous studies have analysed the residual voltage in terms of its magnitude and phase, the stator 

current and torque as they are restarted before they are allowed to come to rest. At start-up, the rotor 

of the induction machine is locked and thus a large current is drawn as it flows only through the stator 

impedance [2]. This results in a current several times larger than the rated value. The same is true for 

the electromagnetic torque of the machine, which is produced by the peaking current. What is evident 

in the studies is that when a motor is restarted immediately after disconnect, it is possible to experience 

significantly larger inrush current and torque when compared to start-up conditions [3]. 

 

An increasing number of energy efficient motors are now being used in industry in order to realise 

energy savings as these machines have a higher efficiency [4]. Eskom has also introduced energy 

efficient motor programs which seek to incentivise industrial parties to retrofit their standard efficiency 

motors with energy efficient ones. The incremental improvements in efficiency of induction machines 

can yield large gains in energy savings and this has further fuelled the movement towards the use of 

energy efficient machines [4]. It is for this reason that power quality issues and restarting transients 

need to be tested for these machines to observe how they compare with their standard efficiency 

counterparts. The structural component of both machines needs to also be taken into account. 

1.2 Objectives of this study 

1.2.1 Problems to be investigated 

The problems that are to be investigated in this study are as follows: 

 

• The variation in magnitude and phase displacement of the residual voltage in relation to the 

constant supply from the point of disconnect to the point of reclosing. 

• The magnitude of the torque and current spikes experienced by the standard and energy 

efficient machines and their possible impact. 

• The power quality effect of over- and undervoltage conditions in combination with unbalance 

on the reclosing transients on both standard and energy efficient machines.  

1.2.2 Purpose of the study 

The main aims of this research include: 

 

• Investigating the restarting of two different efficiency class induction machines while coasting 

and to analyse the various factors which influence the magnitude of the restarting transients. 
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• Determining a dominating factor for the transient current and torque response in the two 

efficiency class machines with respect to the stator impedance, residual voltage and speed. 

• Quantifying the effect of restarting the standard and energy efficient machines under the 

influence of voltage unbalance (in combination with overvoltage or undervoltage) on the supply 

side. 

1.3 Approach 

Two machines were used for the purpose of this research and these were namely the standard efficiency 

and premium plus efficiency induction machines which were both rated at 7.5 kW. These motors were 

tested according to the IEEE 112-B international standard for testing induction machines and the tests 

were conducted at rated voltage, unbalanced voltage, undervoltage and overvoltage conditions for each 

motor. The experimental test results were analysed and interpreted in detail using MATLAB. The tests 

were associated with analysing the effects of restarting an induction machine as it coasted to rest. In 

addition, the start-up characteristics were also analysed.  

 

The conducted experiments were limited to the 7.5 kW rated induction machines and were unloaded. 

The testing procedure was limited to a manual disconnecting and reclosing technique in order to 

capture data. Therefore, to assess the phase shift of the residual voltage compared to the supply, 

numerous, repeated tests needed to be run to obtain a good level of consistent data. 

1.4 Plan of development 

The report begins with a brief description of the background to the research before discussing the 

problem to be assessed as well as the purpose of the study.  

 

It then goes on to develop the theory behind the starting up, running and restarting of induction 

machines as they coast towards standstill in chapter 2. This chapter also discusses the power quality 

issues associated with induction machines. Previous studies are discussed as the hypothesis is 

continually developed for the study. 

 

In chapter 3, the experimental set-up is outlined, which describes the necessary tools required for 

obtaining the appropriate results as well as the testing procedures and protocols. 

 

This is followed by the first set of results that deal with restarting induction machines under rated 

balanced voltage conditions in chapter 4. A comparison between the two efficiency classes of machines 

is carried out as the peak current and torque transients are analysed. This chapter also analyses the 

results of restarting the induction machines further by attempting to establish a dominating factor after 

having taken the speed, residual voltage magnitude and stator impedance into consideration in order to 

determine which machine is more susceptible to reclosing transients. 

 

Chapter 5 discusses the impact of starting up and restarting induction machines under the presence of 

varying degrees of voltage unbalance. The effects of overvoltage and undervoltage with unbalance are 

also analysed. 

 

The conclusions and recommendations for further work are discussed in chapter 6 and 7 respectively 

based on the findings in the study. 
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2. Literature Review 
 

This chapter deals with the different efficiency classifications for induction motors that are 

manufactured and used worldwide. It then discusses the induction motor design and its principles of 

operation before concentrating on the theory behind reclosing transients and their related effects. The 

dynamic modelling of an induction machine is discussed, and the definitions of voltage unbalance are 

explored as well as the implications voltage unbalance has on the power quality of the machines. 

2.1 Induction motor classes 

As a motor is started from a rest, the rotor is locked and, as a result, the motor draws high inrush 

currents. The restarting of an induction motor while coasting can also cause large inrush currents which 

can lead to large torque spikes which have the potential to damage the motor. The design of the machine 

will determine the peak of the inrush current and torque [5].  

 

The NEMA standard publication no. MG 1 specifies the different types of induction motors as follows: 

 

2.1.1 Design A 

These machines have a normal starting torque and a high starting current. Its breakdown torque is the 

highest of all NEMA machines [6]. 

 

2.1.2 Design B 

These machines have a normal starting torque and a low starting current and they are the most 

commonly sold induction machine. The reason for this popularity can be attributed to the motor’s high 

efficiency and full-load power factor [6]. 

 

2.1.3 Design C 

These machines have a high starting torque and a low starting current. The starting torque is high 

(higher than the previous two designs) in order for the machines to be able to handle heavy breakaway 

loads such as compressors and crushers [6]. 

 

2.1.4 Design D 

These machines have the highest starting torque of all NEMA machines, a low starting current and a low 

full-load speed. The machines’ high slip values make it useful for applications involving changing loads 

and sharply changing motor speeds e.g. energy storage in flywheels [6].  

 

2.1.5 Design E 

These machines are similar to the Design B machines yet they have a higher efficiency, higher starting 
currents and lower full-load currents [5], [6]. 

2.2 Induction machine design 

2.2.1 Stator  

The stator consists of several thin laminations of aluminium or cast iron which are punched together to 

form a hollow cylindrical core [6]. This core has slots in which coils of insulated wire are inserted. Each 
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group of coils forms an electromagnet with the core it surrounds as soon as an alternating current (AC) 

power supply is present. The number of poles on an AC induction machine is determined by the internal 

connections of the stator windings which are connected directly to an external power source. Once an 

AC supply is provided, a rotating magnetic field is created [6]. A typical stator can be seen in Figure 1: 

 
Figure 1: Typical stator coil configuration [6] 

 

2.2.2 Rotor 

The rotor is made up of several thin steel laminations and evenly spaced bars which are made up of 

aluminium or copper [6]. In a squirrel cage motor, the bars are connected mechanically and electrically 

by the use of rings. The rotor consists of a cylindrical laminated core with axially placed parallel slots in 

order to carry conductors. The rotor bars are constantly short-circuited at either end with the aid of the 

end rings. The rotor slots are constructed in such a way that they are orientated in a skew manner 

relative to the shaft. The first reason is to ensure that the machine runs quietly as the slot harmonics are 

reduced. The second reason is to ensure that that the locking tendency of the rotor is reduced [6]. A 

figure of a typical rotor configuration is shown in Figure 2: 

 

 
Figure 2: Induction machine rotor 

 

2.2.3 Induction motor equivalent circuit model 

P.C. Sen defines the induction machine equivalent circuit model that can be used to predict its 

performance. The stator equivalent circuit and the rotor equivalent circuit are at the same line frequency 

and can, hence, be combined [7]. The core loss, 𝑅𝐶 , is shown connected in parallel with the magnetising 

inductance. The circuit is shown in Figure 3:  

 

Slip rings 

Shaft 

Conductors 
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Figure 3: Complete equivalent circuit 

Due to the air gap in the induction machine, the exciting current, 𝐼∅ , is high and this means that the 

leakage reactance, 𝑋𝑠,  is also high. IEEE recommends that the resistance, 𝑅𝑐 , be omitted so that the core 

loss is combined with the windage and friction losses [7]. The resulting circuit diagram is shown in 

Figure 4: 

 

 
Figure 4: IEEE-recommended equivalent circuit 

The input impedance is obtained by the following equation: 

 

𝑍1 = 𝑅𝑠 + 𝑗𝑋𝑠 +
𝑗𝑋𝑚(

𝑅𝑟
𝑠

+𝑋𝑟)

𝑅𝑟
𝑠

+(𝑗𝑋𝑚+𝑋𝑟)
                      (1) 

 

The stator current is thus denoted as: 

 

𝐼𝑠 = 
𝑉𝑠

𝑍1
                        (2) 

 

2.2.4 Principles of operation of an induction machine 

The stator windings are divided into three-phase axes (A, B and C). These axes are displaced at 120° 

from each other and lie perpendicular to the plane in which the stator winding lies. The 3-phase winding 

can be connected in a star or delta configuration [8]. When an AC voltage supply is applied to the 

windings, they are excited and this results in a flow of three-phase currents which are displaced 120° 

from each other. A visual representation of the 120° displacement of the three-phase stator voltages is 

shown in Figure 5: 

 

      RS  
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Figure 5: Per-phase stator voltage profile from Matlab SIMULINK 

A basic circuit diagram of an induction machine connected to a constant voltage supply is shown in 

Figure 6: 

 
Figure 6: Circuit connection for induction machine (Matlab SIMULINK) 

 

As current flows through a phase coil, a distributed mmf is produced as a result of the distributed stator 

windings. Each mmf wave can be represented by a vector along the axis of the phase winding [7]. 

As a result, the sum of these phase mmf waves, a rotating magnetic field is induced in the stator and in 

the air gap. The magnetic field that is induced in the air gap rotates at synchronous speed which is 

represented by the following equation: 

 

𝑁𝑠 =  
120𝑓

𝑝
    (3) 

 

Where 𝑝 is the number of poles and 𝑓 represents the frequency of operation. 
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The rotating magnetic field in the air gap induces a voltage in the rotor windings as the flux lines cut 

through the rotor. The induced voltage causes an induced current to flow in the rotor windings. This 

results in a rotating magnetic field in the air gap due to the rotor windings.  

 

2.2.5 Steady state operation  

After start-up, the induction motor accelerates until it gradually reaches steady state speed due to the 

developed electromagnetic torque. The rotor reaches a steady state speed which is less than the 

synchronous speed of the rotating air gap [7]. The difference between the synchronous speed and rotor 

speed is called the slip, 𝑠, and it is determined using the equation below: 

  

     

𝑠 =  
𝑁𝑠−𝑁𝑟

𝑁𝑠
    (4) 

 

Where  𝑁𝑠  is the synchronous speed and 𝑁𝑟 is the rotor speed. 

 

A motor running at a speed lower than the synchronous speed (or rated frequency) is said to be running 

in motoring mode, while a motor running at a speed higher than the synchronous is operating in 

generating mode [9]. Once running at steady state, an open circuit, short circuit or changing load will 

introduce transients into the system which will vary according to the residual flux [10], which will be 

expanded on in the next section. 

 

2.2.6 Transient operation 

As the induction machine starts up from rest, the current and torque transients are only affected by the 

stator impedance and the constant supply voltage. The starting torque peak will drop slightly to a 

minimum torque, which is the pull-up torque. As the motor accelerates even further, the torque will then 

rise to a maximum value which is known as the break-down torque [6]. This torque then rapidly 

decreases to zero as the motor reaches its rated speed. Figure 7 depicts the torque-speed characteristics 

for the different types of induction machines: 

 

 
Figure 7: Torque-speed characteristics of different induction machines [6] 

High starting currents are also induced as the motors stator experiences full terminal voltage. Figure 8 

shows how the stator current varies with the speed of the induction machine. 
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Figure 8: Stator current vs speed profile [7] 

    

Any disconnect from the supply will lead to deceleration of the running motor. While the motor coasts 

towards standstill, there is a residual flux which remains in the air gap but it rapidly begins to decay. 

This decaying residual flux causes a residual voltage at the stator terminals which decays in magnitude 

and frequency as the speed decreases [11]. The residual voltage decays according to the open circuit 

time constant which is the time taken for the induced voltage in the stator to decay to 37% of its rated 

value [3]. 

The equation for the open circuit time constant is shown below: 

 

𝑡𝑒 =
𝐿𝑠

𝑅𝑡
                                      (5) 

 

Where 𝐿𝑠  is the stator inductance; 𝑅𝑡  is the stator terminal resistance. 

 

Whilst the flux is decaying, the speed of the motor also steadily declines with time according to a 

mechanical time constant, which is the time required for the speed of a motor to reach 63.2% of its rated 

value for a fixed voltage [3]. This is achieved using the following equation: 

 

𝑡𝑚 =
𝐽𝑚∗𝑅𝑡

𝐾𝑡∗𝐾𝑒
                        (6) 

 

Where 𝐽𝑚  is the rotational inertia; 𝐾𝑡  is the torque constant and 𝐾𝑒  is the voltage constant. 

 

As the frequency of the steadily decaying residual voltage changes, so does its phase with respect to the 

incoming constant supply voltage. The phase of the residual voltage changes to a point where it is 

completely out-of-phase with the supply voltage whilst maintaining a non-zero magnitude. The 

potential difference between the constant supply and the residual voltage magnitude on the stator plays 

a significant role in the magnitude of the inrush current and torque spikes. A worst-case scenario that 

has been established in literature states that the largest spike in the current and torque occurs when the 

magnitudes of the supply and residual voltage are similar and completely out-of-phase. If the residual 

voltage reaches 180° phase shift and its magnitude has not reduced significantly, it is possible for the 

motor to see twice the terminal voltage [12].   
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While the motors in industry do not practically maintain a residual voltage similar in magnitude to the 

supply at the instant of reclosing, it is important to know the transient performance of the motor in 

order to determine when it is safe to restart after the moment of disconnect [13].  

 

The peak inrush currents can hence be determined by the following equation [5], [14]: 

 

𝐼𝑝𝑒𝑎𝑘 =
𝑉𝑡

𝑍𝑠𝑡𝑎𝑡𝑜𝑟
                                      (7) 

 

Where 𝑉𝑡  is the terminal voltage and 𝑍𝑠𝑡𝑎𝑡𝑜𝑟  is the equivalent stator impedance. 

 

The developed mechanical torque can be found using the following set of equations [7]: 

 

𝑍𝑡ℎ =
𝑗𝑋𝑚(𝑅𝑠−𝑗𝑋𝑠)

𝑅𝑠+𝑗(𝑋𝑚+𝑋𝑠)
                                     (8) 

 

𝑉𝑡ℎ =
𝑋𝑚

(𝑋𝑚+𝑋𝑠)
∗ 𝑉𝑡                                    (9) 

 

𝑇𝑚𝑒𝑐ℎ =
𝑉𝑡ℎ

2

𝜔𝑠𝑦𝑛𝑐ℎ[(𝑅
𝑡ℎ

+
𝑅𝑟
𝑠
)
2
+(𝑋𝑡ℎ+𝑋𝑟)

2]
∗

𝑅𝑟

𝑠
                                  (10) 

 

Where 𝑉𝑡ℎ, 𝑍𝑡ℎ and 𝑅𝑡ℎ  are the Thevenin voltage, impedance and resistance respectively. 

2.3 Reclosing transients in induction machines 

Torque and current transients are sensitive to the potential difference between the constant supply and 

decaying residual voltage. For any change in the potential difference that is 1 pu greater than the rated 

supply voltage, larger transient peaks for the torque and current are seen than at start-up [5]. Previous 

studies have largely focused on the reclosing of induction machines and this has been based exclusively 

on the principle of residual voltage magnitude and phase shift. Other studies from [12] have included 

the effects of saturation in the overall study together with the varying of a critical industrial load. 

Another study has attempted to cut down on the impact of the torque and current reclosing transients 

solely on the use of setting up a corresponding mathematical model which was then run through a 

simulation [3]. The key solution would be to find the exact calculation and determination of the phase 

shift and magnitude that would give the least peaking transients. This simulation case would then serve 

to highlight the feasibility of using this model in engineering application.  

 

This particular study aims to focus on a practical approach to compare the severity of reclosing 

transients between standard and energy efficient machines. Furthermore, the study extends its scope 

by subjecting both types of machines to varying voltage unbalance to observe the effect of reclosing 

transients. The effect the voltage unbalance has on the power quality of the machines needed to be 

compared.    

 

2.3.1 Residual voltage 

Once an induction motor is disconnected from its supply, the remaining magnetic flux in the revolving 

rotor will continue to induce a voltage in the stator windings. When the motor is in a coasting transient 

state, the residual voltage slips in and out of synchronism with the constant supply at an increasing rate 

as it continues to decrease with time [15]. Large motors, in particular, are able to have time constants of 
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several seconds and thus have the capability to become self-excited generators which can deliver 

substantial current at a voltage and frequency which is less than the supply parameters [15]. When the 

motor contact is open, the supply voltage remains the same and continues to run with the same 

frequency while the residual voltage decreases with a changing phase angle. This can be visualised using 

vectors to represent the supply and residual voltage as shown in Figure 9 and 10. 

 

 
Figure 9: Supply and residual voltage vectors 

 

Vectors 𝑉𝑆 and 𝑉𝑅 represent the supply and residual voltage respectively. Ø represents the phase angle 

between the supply and the residual voltage. As the motor begins to slow down, the phase angle, Ø, 

increases. Figure 9 shows the phase angle at approximately 60˚. If the motor is restarted at any point 

before it reaches zero speed, the total voltage applied to the motor is the difference between 𝑉𝑆 and 𝑉𝑅 

[15]. 

 

 The phase angle between the residual voltage and the system supply voltage changes with time since 

the induction motors speed is lower than the synchronous speed. As a result, the magnitude of the 

phasor voltage difference between the residual voltage and the supply can be much greater than the 

supply voltage which is applied initially when starting the motor [16].  

 

If the phase angle, Ø, reaches 180˚, as shown in Figure 10, and the amplitude of 𝑉𝑅 has not decreased 

significantly, the vector difference between 𝑉𝑆 and 𝑉𝑅  could almost be twice the terminal voltage. It is 

important to note that the supply and residual voltage are not operating at the same frequency. 
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Figure 10: Supply and residual voltage vectors at 180˚ 

 

The deceleration of the motor and the load combination can be given by the following equation: 

 

𝛼 =
−𝑇𝑙𝑜𝑎𝑑

𝐽𝑡𝑜𝑡𝑎𝑙
                                                                           (11) 

 

Where 𝛼 is the rotational acceleration of the motor shaft. 

 

To determine the angle, Ø, between the supply voltage and the residual voltage, it is important to 

consider that when the motor is disconnected from the power supply, the continuing load will cause the 

motor to slow down [16]. Since there is no mass attached to the machine, the mass of the DC machine 

armature coupled to the induction machine is taken as the mass [16]. 

 

If the load torque is independent of the speed, or changes very little for the minor changes in speed 

which may result during a power interruption, then the deceleration may be assumed to be a constant 

[16]. The angle between the two phasors can be approximated by the equation below: 

 

∅ = ∅0 + 𝑡𝑝 [(𝜔𝑟𝑜 − 𝜔) +
𝛼𝑡

2
]                                (12) 

 

The magnitude of the motor residual voltage is given by the following equation: 

 

𝑉𝑅 = 𝑉𝑅𝑜𝑒
−𝑡

𝑇0                                                               (13) 

 

𝑇0 =
𝑋2+𝑋𝑚

2𝜋𝑓𝑟2
                                                               (14) 

 

The magnitude of the resultant phasor voltage difference, 𝑉𝑟𝑒𝑠 , between the power supply voltage, 𝑉𝑆 , 

and the motor residual voltage, 𝑉𝑅 , from the stator terminals can then be determined from the equation 

below: 

 



12 

 

𝑉𝑟𝑒𝑠 = √(𝑉𝑅 − 𝑉𝑆𝑐𝑜𝑠∅)2 + (𝑉𝑆𝑠𝑖𝑛∅)2                                                           (15) 
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Figure 11 shows the decay of both the PPEIM and SEIM after disconnect. 

 

 

 
Figure 11: Residual voltage profiles after disconnect 

The figure shows the residual voltage of both machines at disconnect and the decay in the subsequent 

cycles thereafter. It can be seen that the peak of the PPEIM at disconnect, 0.801 pu, is lower than that of 

the SEIM, 0.895 pu. The figure above also shows a clear decay in magnitude of the residual voltage as it 

loses synchronism with the supply voltage when the contactor is opened. 

 

The prediction of the extent of the current and electrical torque which may result when the contactor is 

reclosed on an induction machine is based fundamentally on the determination of the magnitude of the 

resultant volts per hertz, 𝑉𝑟𝑒𝑠 , between the supply and residual volts per hertz at the instant of reclosing. 

The ANSI Standard C50.41 specifies a limit on reclosing to cases where this value does not exceed 1.33 

pu volts per hertz on the motor rated and frequency bases [16]. It is believed that, at the point of restart, 

the rated stator voltage should not be exceeded by the magnitude of the resultant volts per hertz if a 

machine should be restarted safely [14]. It is clear, from previous work, that the magnitudes of the 

inrush current and torque spikes are dependent on the phase and magnitude of the residual voltage. 

 

At reconnect, the restarting inrush current transients could be at least twice the normal starting inrush 

values if the residual voltage has not decayed appreciably at 180˚ phase shift [15]. 

 

2.3.2 Current transient 

The potential difference between the residual voltage and the supply voltage that exists at the stator 

terminal, upon reclosing, will result in peaking stator currents that are larger than the starting currents 
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[5]. The peaking value of the current transient occurs within the first cycle after reclosing of the machine 

occurs. Transient currents flowing in the stator and rotor circuits have ac and dc components that have 

an additive or subtractive effect on the contained fluxes [5], [17]. The peaking current is directly 

associated with a change in the magnetic field thus the interaction between residual magnetic field 

components can result in high peaking transient current [18]. 

Taking the vector difference between the supply voltage and the residual voltage and dividing by the 

stator leakage inductance will result in a good estimate of the magnitude of the transient current [11]. 

The equation below further expands on equation (5) in terms of the estimated current transient: 

 

 𝐼𝑟𝑠 =
𝐸𝑟−𝐸𝑠

𝑋1
                                                 (16) 

 

In addition, if the flux has not decayed significantly i.e.  𝐸𝑟 = 𝐸𝑠 , with the supply voltage completely out 

of phase (180°) with the residual voltage on the stator, then the current transient would be: 

 

𝐼𝑟𝑠 =
2𝐸𝑠

𝑋1
                                                 (17) 

 

2.3.3 Torque transient 

When the supply is reconnected, transient currents flow in the stator and rotor circuits [17]. The dc 

components of these currents interact with the trapped fluxes and this results in magnetic fields which 

are stationary and rotating with respect to the corresponding circuits. These magnetic field components 

interact with each other to produce a corresponding torque [17]. This is illustrated in Figure 12: 

 

 
Figure 12: Various components of stator and rotor magnetic fields 

 

𝑀𝑂𝑆  𝑀𝑆𝑆 

𝑀𝑆𝑅  
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Where  𝑀𝑂𝑆  is the stationary stator magnetic field;  𝑀𝑂𝑅  is the stationary rotor magnetic field which 

rotates with rotor speed (𝜔𝑅);  𝑀𝑆𝑆  is the supply frequency stator magnetic field which rotates at 

synchronous speed (𝜔𝑆) and  𝑀𝑆𝑅  is the slip frequency rotor magnetic field which rotates at 

synchronous speed (𝜔𝑆) [17]. 

 

The unidirectional, oscillating, slip frequency and speed frequency torque components is produced by 

the interaction of the stator and rotor stationary and rotating magnetic fields. These components all 

result in the torsional shaft torque [17]. The values of these components are large at the moment of 

reclosing and continue to decay with time. The absolute maximum value of the oscillating 

electromagnetic occurs within the first cycle after the point of reclosing [19]. Previous studies have 

shown that the worst-case conditions can result in an electromagnetic torque that has higher peaks than 

starting a motor from rest.  

 

2.4 Induction machine types 

2.4.1 Squirrel cage motor 

Most three-phase induction motors are squirrel cage motors and the power ratings for these machines 

vary from one-third to several hundred horsepower [6]. These types of motors, rated one horsepower 

or above, are cheaper and are able to start heavier loads than single-phase motors [6]. A squirrel cage 

motor consists of a rotor which has a pair of end rings and conductor bars interconnecting the end rings. 

At least one end ring is provided with two insulating gaps to divide the end ring into two separate 

portions [20]. 

 

2.4.2 Wound-rotor induction machines 

This type of induction motor is one in which the secondary winding is an insulated polyphase winding 

which is similar to the stator winding [21]. The wound-rotor motor is just a variation of the squirrel cage 

induction motor. The rotor windings terminate at the collector rings and access to the rotor circuit is 

obtained through stationary brushes being in contact with each other. Through this arrangement, 

additional resistors and contactors can be easily incorporated. Applications of this type of machine 

include high inertia loads, where the pull-out torque is required to be generated at almost zero speed 

and accelerate to full speed in a short amount of time [6]. Examples of these applications include hoist 

and crane operations. 

2.5 Differences between standard and energy efficient machines 

Premium plus efficiency induction machines have recently become more favoured to the standard types 

due to the need to improve energy savings [4]. Premium efficiency machines are built by re-designing 

the stator and rotor windings whilst still maintaining the standard design of a standard efficiency 

machine. With this in mind, motor manufacturers are constantly attempting to design new energy 

efficient motors which require higher quality materials and accurate motor designs [4]. Table 1 shows 

the structural characteristics of the SEIM and PPEIM: 
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Table 1: SEIM and PPEIM structural characteristics 

 
Machine Type 

Characteristic SEIM PPEIM 

Magnetic Core Cheaper annealed steel which is vulnerable 
to temperature conditions [4] 

Higher grade silicone steel which is 
more robust  

Stator Copper Loss Smaller slots therefore produce lower 
current. However, less saturated than 
PPEIM [4] 

Larger slots in stator core which 
reduces copper losses  

Friction and 
Windage Losses 

More heat losses thus larger cooling fans 
needed leading to higher windage losses [4] 

Reduced windage and friction losses  

Stray Load Losses Smaller air gaps thus less varied power 
factor [4] 

Larger air gaps thus larger 
magnetizing current  

Cast Iron Casing Inferior heat dissipation [4] Casing with a larger number of ribs to 
increase surface area and therefore 
better heat dissipation 

 

2.5.1 Magnetic core 

Changing the quality of the lamination steel of the core stack is a proven method of improving the 

efficiency of an induction machine [4]. This means that a machine with less magnetic material tends to 

have a higher permeability and, therefore, lower losses. Premium steel is a good example of these since 

it combines low specific core losses with high permeability [22].  

 

2.5.2 Stator copper loss 

The losses experienced by an induction machine are caused largely by the finite resistance in the stator 

winding experiencing a given current [4]. Using larger slots, as is the case with PPEIMs, in the stator 

core will result in a reduction of the copper losses. However, the larger slots do result in a reduction of 

the volume of the magnetic circuit, which causes it to saturate and thus, increases the iron losses [23]. 

This can be avoided in high efficiency designs by increasing the length of the magnetic core. 

Furthermore, the use of multi-tiered end-windings have aided in the reduction of the amount of inactive 

and loss producing copper [23]. 

 

2.5.3 Rotor slip loss 

Initiatives have been undertaken to achieve superior efficiency while maintaining high starting torque 

with low current. One such initiative is to use finite element techniques and iterative processes to 

develop new rotor slot shapes which comply with the prioritised performance specifications [23]. 

Previous work has shown that a reduction in the rotor slip losses using the techniques mentioned has 

led to motor efficiency gains of up to 1% without any detrimental effects on the starting performance 

[23].  

 

2.5.4 Friction and windage losses 

PPEIMs are designed, in principle, with reduced motor windage and friction losses. This results in a 

flatter efficiency curve against loading conditions and this results in higher efficiencies at loads 

exceeding the 50% - 75% nominal full load range [4]. Energy efficient motors are known to produce less 
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heat than standard motors and therefore, smaller cooling fans are required to reduce the friction and 

windage losses [22]. In addition, using hybrid bearings that have ceramic balls instead of steel balls may 

further reduce bearing losses. Previous studies show that these types of bearings run at cooler 

temperatures and offer a longer life than the conventional deep-groove ball bearings [24]. Bearing 

manufacturers are working on non-contact and lower friction bearing seals which serve to reduce 

friction losses and wearing effects. Ceramic balls used in antifriction bearings may reduce losses, reduce 

lubrication intervals as well as “self-healing” properties if any contamination occurs in the bearing [24].  

 

2.5.5 Stray load losses 

The stray load losses of a motor can be reduced by increasing the air gap. This can, however, lead to a 

larger magnetising current in energy efficient machines which increases the power factor of the motor 

[4]. The stray load losses can be minimised by the skew of the stator and rotor. As a result, however, 

starting torque difficulties and electrical noise can occur [4], [25]. 

 

2.5.6 Cast iron casting 

IEEE 841 motors utilise cast iron housings that are finned for better heat dissipation. Increased 

conductivity on the outer housing is achieved by incorporating a fully rounded outer diameter of the 

stator lamination stack [4], [24]. 

 

2.5.7 Permeability 

Permeability, 𝜇, is a material property that describes the ease with which a magnetic flux is established 

and it is defined as the ratio of flux density, 𝐵, and the magnetic field strength, 𝐻 [7]. This is shown by 

the equation below: 

 𝜇 =
𝐵

𝐻
                       (18) 

 

The equation (18) above describes the slope of the B-H curve at any given point on the hysteresis loop. 

The slope of the hysteresis loop informs us about the material that is being magnetised. The typical B-H 

curve is shown in the figure below: 

 
Figure 13: Magnetisation and hysteresis loop [7] 

 

Material with a wider hysteresis loop have: 

• Lower permeability 

• Higher retentivity 



18 

 

• Higher coercivity 

• Higher reluctance  

• Higher residual magnetism [7] 

 

Material with a narrower hysteresis loop have: 

• Higher permeability 

• Lower retentivity 

• Lower coercivity 

• Lower reluctance  

• Lower residual magnetism [7] 

 

Residual magnetic fields are affected by the permeability, which is related to the carbon content and 

alloying of the material. The standard efficiency machines are built with material that has higher carbon 

content and, therefore, a lower permeability than energy efficient machines. Thus, the standard 

machines retain more magnetic flux and incurs higher losses. The energy efficient machines are built 

with higher grade silicone steels in order to reduce the losses and maintain a higher permeability [4], 

[26].  

Due to this higher permeability, it means that the energy efficient machines have a lower retentivity. 

Retentivity is associated with the ability of a coil to retain its magnetism when current has stopped 

flowing [27]. Due to this, it is expected for a PPEIM to have a lower residual flux and therefore a lower 

residual voltage at disconnect. 

2.6 Dynamic modelling 

Symmetrical components can be used to better analyse induction motor transients on a per-phase basis 

[4].  Developed in 1918 by Charles L. Fortescue, the symmetrical components theory manages to convert 

any poly-phase unbalanced system into individual systems. This is essentially converting an unbalanced 

three-phase network into two balanced systems (positive and negative sequence) with a zero sequence 

component [28]. 

 

The dynamic modelling shown below is applicable to both squirrel-cage and wound rotor induction 

machines [29]. James W. Kolodziej offers a detailed derivation as well as transformation of the equations 

that result in the dynamic model of the induction machine [30]. The dynamic model of an induction 

machine is obtained by transforming the stator voltages and currents according to the following 

equations: 

 

 

(
𝑉0

𝑉+

𝑉−

) =
1

3
(
1 1 1
1 𝑎 𝑎2

1 𝑎2 𝑎
)(

𝑉𝑎
𝑉𝑏

𝑉𝑐

)   (19) 

 

Where 𝑎 = 𝑒𝑗
2

3
𝜋 [4] 

 

In a similar manner, the ABC network can be regained using the matrix shown in equation (2) below: 

 

 

(
𝑉𝑎
𝑉𝑏

𝑉𝑐

) = (
1 1 1
1 𝑎2 𝑎
1 𝑎 𝑎2

)(
𝑉0

𝑉+

𝑉−

)  (20) 



19 

 

 

Where  𝑉0, 𝑉+, and 𝑉− are the zero, positive and negative sequence voltage components respectively. 

 

2.6.1 Clarke transform 

A three-phase stator or rotor voltage, current and flux linkage can be expressed according to its 

stationary reference frame on the stator side. It can also be expressed according to its rotating reference 

frame when referring to the rotor side based on the rotor electrical speed, 𝜔𝑟  [31]. A generic equation 

for this transformation is shown below: 

 

[
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𝑥0
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[
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𝑥𝑐

]                                 (21) 

 

Where 𝑥 represents the stator or rotor side voltage, current or flux-linkage.     

 

2.6.2 Park transform 

The d-q reference frame can also be obtained from the Park transform using the  𝑎, 𝑏, 𝑐  variables and 

the equation is shown below [32]: 

 

[

𝑥𝑑

𝑥𝑞

𝑥0

] =
2

3

[
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[

𝑥𝑎

𝑥𝑏

𝑥𝑐

]                              (22) 

 

Where  𝜃 = 𝜔𝑡. 

 

2.7 Voltage unbalance 

Voltage unbalance is a typical power quality issue in industrial power systems due to many reasons 

which may include: monophasic loads, non-transposed lines open-delta transformers amongst others 

[33]. Numerous authors have studied the causes and effects of voltage unbalance in order to specifically 

determine its allowable levels. These authors include Fortescue [34] who has proposed the first factor 

to quantify either voltage or current unbalances as the ratio of negative and positive components. 

Recently, there are several factors that are used to measure voltage unbalances, of which the relevant 

ones include the Voltage Unbalance Factor (VUF), the Percent Line Voltage Unbalance (LVU) and the 

Complex Voltage Unbalance Factor (CVUF) [33]. 

 

The LVU is defined as the maximum deviation of an RMS line voltage from the average of the RMS line 

voltage and it only requires RMS quantities whereas the VUF and CVUF are calculated as the ratio of the 

positive sequence line voltage to the negative sequence line voltage. The VUF considers only the 

magnitude while the CVUF includes both the magnitude and the angle [33]. Recent works have proposed 

analytical methods to calculate the VUF and CVUF only using the line RMS voltages and, therefore, the 

major advantage of LVU has been eclipsed [33]. During the last 20 years, numerous authors have studied 

the effects of voltage unbalance on induction motors. In [35], the author, Lee, compares the efficiency, 

power factor and loss increment for eight different experimental unbalance cases including under- and 

overvoltage scenarios [33].   
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Observing transients in the presence of voltage unbalance presents a power quality issue which can 

potentially worsen the reclosing problem. When electrical supply issues such as voltage fluctuations, 

voltage unbalance and harmonics occur, they can have a significant effect on the motor efficiency [36]. 

Voltage unbalance occurs when the rms magnitude of the voltages or phase angles between the adjacent 

supply voltages in a three-phase system are not equal [36]. 

 

Voltage unbalance is defined according to four main definitions and can be expressed in different 

percentages depending on which definition is used [4]. The three main definitions which are commonly 

used are found below: 

 

2.7.1 National electrical manufacturers association (NEMA) 

NEMA defines the degree of unbalance as the ratio of maximum voltage deviation from the average line 

voltage to the average line voltage and is also referred to as the line voltage unbalance rate (LVUR) and 

its equation is as follows: 

 

 

%𝐿𝑉𝑈𝑅 = 
𝑀𝑎𝑥 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐴𝑣𝑔 𝐿𝑖𝑛𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝐴𝑣𝑔 𝐿𝑖𝑛𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
∗ 100  (23) 

 

        

= 
𝑀𝑎𝑥 [|𝑉𝑎𝑏−𝑉𝑎𝑣|;|𝑉𝑏𝑐−𝑉𝑎𝑣|;|𝑉𝑐𝑎−𝑉𝑎𝑣|]

𝑉𝑎𝑣
∗ 100  (24) 

 

Where,  𝑉𝑎𝑣 = 
𝑉𝑎𝑏+𝑉𝑏𝑐+𝑉𝑐𝑎

3
  

 

The NEMA definition only requires the magnitudes of the line voltages and excludes the phase angles 

[4]. This, therefore, makes it an easier method to use simply due to the fact that a digital multi-meter 

can be used to take measurements. It is also this main reason why the NEMA definition is widely used 

in industry rather than others [4]. 

2.7.2 Institute of electrical and electronic engineers (IEEE) 

The IEEE voltage unbalance is defined in a similar manner as the NEMA definition but it, however, uses 

the phase voltage unbalance rate [37], [38]. The equation is given by: 

 

 

%𝑃𝑉𝑈𝑅 = 
𝑀𝑎𝑥 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝐴𝑣𝑔 𝑃ℎ𝑎𝑠𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝐴𝑣𝑔 𝑃ℎ𝑎𝑠𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
∗ 100  (25) 

 

       

= 
𝑀𝑎𝑥 [|𝑉𝑎−𝑉𝑎𝑣|;|𝑉𝑏−𝑉𝑎𝑣|;|𝑉𝑐−𝑉𝑎𝑣|]

𝑉𝑎𝑣
∗ 100  (26) 

 

Where,  𝑉𝑎𝑣 = 
𝑉𝑎+𝑉𝑏+𝑉𝑐

3
 

Just like the NEMA case above, the phase angle information is omitted since only the magnitudes of the 

phase voltages are considered. PVUR is suitable to the field measurements because its calculations 

involve only the magnitudes of the three phase voltages [39]. 
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2.7.3 IEC (True definition) 

The IEC represents the “true definition” of voltage unbalance and it is calculated as the ratio of the 

negative sequence voltage component to the positive sequence voltage component [4], [40]. The three-

phase supply will need to be transformed into the two-dimensional symmetrical sequence components. 

The equation can be found below: 

 

 

%𝑉𝑈𝐹 = 
|𝑉𝑛|

|𝑉𝑝|
∗ 100  (27) 

 

Where 𝑉𝑛 and 𝑉𝑝 are the negative and positive sequence voltages respectively. These two-dimensional 

components are obtained by transforming the three phase components according to the matrix equation 

found above. This is the only definition that takes into account the magnitudes and angles of the voltage 

components [36], yet, in most cases, only the magnitude is considered.  

 

2.7.4 Per-phase equivalent circuit model 

The equivalent circuit parameters are based on the IEEE and IEC definitions [4]. They are derived from 

the no load and blocked rotor test and the equivalent circuit is a single-phase representation of a star or 

delta connected induction machine [41]. All parameters are referred to the stator side. 

 

The positive sequence equivalent circuit has a shunt resistance, 𝑅𝑓𝑒 , which represents the core losses at 

rated voltage [4]. The stator resistance, 𝑅𝑠 , and the stator leakage reactance,  𝑋𝑠, are shown in the in the 

figure below to the left of the magnetising reactance,  𝑋𝑚. The rotor resistance, 𝑅′𝑟/𝑠, and the rotor 

leakage reactance,  𝑋′𝑟, are found to the right of the magnetising reactance [4]. 

 

 
Figure 14: Per-phase positive sequence equivalent circuit [4] 

The negative sequence equivalent circuit is similar in form to the positive sequence circuit. The only 

differences are the fact that the voltages and currents are negative sequence values and the slip is at 2 −

𝑠 [4]. The diagram of the negative sequence circuit is found in Figure 15: 

 

          
Figure 15: Per-phase negative sequence equivalent circuit [4] 
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2.7.5 Effects of voltage unbalance 

Voltage unbalance occurs when the RMS magnitude of the voltages or phase angles are not equal [36]. 

Voltage unbalance results in positive and negative sequence components and machines experiencing it 

undergo detrimental effects. An unbalanced three-phase voltage supply connected to a motor causes the 

motor to draw unbalanced currents which can be several times the voltage unbalance [4]. Depending 

on the variations in design and manufacturing of the machine, there can be varying degrees of current 

unbalance. The current unbalance can be as high as nine times the voltage unbalance for certain energy 

efficient machines [4], [22]. 

 

Furthermore, the impact of voltage unbalance can be seen on industrial load performance and often 

results in adverse economic consequences. The unbalance condition causes the negative sequence of 

the voltage to superimpose on the positive sequence which results in overheating, derating, inefficiency, 

power factor, torque pulsation and pulsation in the peak current [39]. In Figure 16, the cycle of 

unbalance from the generating side to the consumer side. 
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Figure 16: Voltage unbalance implications in induction machines [39] 
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The positive sequence gives the desired torque while the negative sequence produces an air gap flux 

which results in a reverse torque that opposes the positive sequence torque [36]. What results is a 

behaviour of the induction machine resembling two machines which rotate in opposite directions with 

the positive sequence voltage at slip, 𝑠, and the negative sequence voltage rotating at slip, 2 − 𝑠 [40]. 

Another article states that the interaction of these opposing fields produces pulsating electromagnetic 

torque and velocity disturbances which result in increasing losses, stresses and noise in the machine 

[42]. 

 

It is a known fact that there is a higher reduction in the negative sequence impedance in energy efficient 

machines due to the lower slip. As a result, there is an increase in negative sequence currents under 

voltage unbalance [4]. The additional current unbalance can lead to additional heating of the rotor and 

hence, an increase in the vibration of the motor [4]. 

 

Figure 17 shows the positive and negative sequence torque components of an induction motor that is 

undergoing voltage unbalance. 

 

 

 
Figure 17: Positive and negative sequence torques under voltage unbalance [36] 

 

From Figure 17, it can be clearly seen that the resultant torque-speed curve is reduced. The reduction 

of peak torque will compromise the ability of the motor to ride through voltage dips and sags [36]. 

Furthermore, due to the motor taking a longer time to speed up, the thermal model of the motor changes 

and this can lead to a decreased service life [36]. If the motor is fully loaded, it is forced to operate at a 

higher slip and this results in higher rotor losses and thus, a higher heat dissipation.  

 

Due to the energy-efficient machines having a lower negative sequence impedance, they will experience 

a larger current unbalance as a result of voltage unbalance.  This leads to a larger percentage reduction 

in the developed torque than the standard efficiency motors. If motors continue to experience voltage 

unbalance whilst under operation, then there will be a decrease in efficiency due to an increase in the 

current [4], [43]. 

Resultant torque 
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The equation below shows the reduction in mechanical power due to the flow if the negative sequence 

current: 

 

      

𝑃𝑚 = 𝐼′𝑟𝑝
2 ∗ 𝑅′

𝑟𝑝 ∗ (
1−𝑠

𝑠
) − 𝐼′𝑟𝑛

2
∗ 𝑅′

𝑟𝑛 ∗ (
1−𝑠

2−𝑠
)  [W] (28) 

 

Where  𝐼′𝑟𝑝
2  and  𝐼′𝑟𝑛

2  are positive and negative sequence rotor currents respectively [4]. 

 

The total torque is expressed as follows: 

 

 

𝑇𝑚 = 𝐼′𝑟𝑝
2 ∗ 𝑅′

𝑟𝑝 ∗ (
1

𝑠𝜔0
) − 𝐼′𝑟𝑛

2
∗ 𝑅′

𝑟𝑛 ∗ (
1

(2−𝑠)𝜔0
)  [Nm] (29) 

 

Where  𝜔0 represents the synchronous speed in radians per second [4]. Both equations 35 and 36 show 

that an increase in the negative sequence currents will result is a reduction in the power as well as the 

developed torque. 
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3. Experimental Set-up 
 

The laboratory set-up, instrumentation and testing methods for the two efficiency classes of the 

induction machines will be discussed in this section. The experimental tests for start-up and reclosing 

were conducted for a three-phase, four-pole star-connected, 7.5 kW Standard Efficiency Induction 

Motor (SEIM) and Premium Plus Efficiency Induction Motor (PPEIM) which were procured from the 

same vendor. Numerous tests were conducted at rated, unbalanced over- and undervoltage supply 

conditions on each motor and averages were taken to get a more representative sample. The 

instantaneous voltages, currents, torque, speed, power and frequency were measured using the 

Yokogawa WT1800 Power Analyser. The experimental set-up is shown in the following figure: 

 

 
Figure 18: 7.5 kW experimental rig 

The ratings for the SEIM and the PPEIM are shown below: 

 
Table 2: SEIM and PPEIM ratings for a wye connection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ratings in Table 2 are for a star-connected machine. Both machines were star-connected yet they 

were run at a terminal voltage of 400V.  

 Rating 

Parameter SEIM PPEIM 

Voltage(V) 690 690 

Frequency (Hz) 50 50 

Current (A) 8.58 8.06 

Speed (rpm) 1455 1465 

VA (kW) 7.5 7.5 

Power factor (cosθ) 0.84 0.86 

Service factor 1 1.15 

Insulation Class F Class H 

22 kW DC Generator 

Magtrol Torque Transducer 

7.5kW SEIM 
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The SEIM and PPEIM were coupled to a separately excited DC Machine, which served as the load and the 

torque was adjusted by controlling the armature current. Both machines were connected to the three-

phase supply and the signals were captured using the Yokogawa WT1800 Power Analyser. The power 

analyser has the following properties: 

• 1602 samples per frame 

• 2ms time interval per sample 

• Linked to the Magtrol TM312 in-line torque transducer to measure the speed and torque 

(coupled to the motor in operation with a 15 horsepower (HP) DC motor). It is a 0.1% accuracy 

class transducer and is rated at 200 Nm with a 100% overrated capability [4] 

 

When dealing with large rotating electrical machinery, the definitive industry standards in the United 

States and Canada are the IEEE (Institute of Electrical and Electronic Engineers) and the NEMA (National 

Electrical Manufacturers Association) standards. The standards used will vary depending on the country 

but these standards are often a reflection of the IEC (International Electrotechnical Commission). In 

essence, the IEC standard is, by definition, the international standard and most companies model and 

purchase induction machines according to this standard [44]. However, to model torque and current 

performance as well as constructional features, this study adheres to the IEEE or NEMA standard. 

 

Both machines are run under no load conditions. It was decided that the star connection be used as 

opposed to the delta due to the starting currents in a delta connection being potentially up to 3 times 

higher than steady state values. This also aided in obtaining the per-phase equivalent circuit parameters 

which are displayed below: 

 
Table 3: Equivalent circuit parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4: Starting scheme and synchronous speed 

 

 

 

 

 

 

  

 Values 

Parameter SEIM PPEIM 

𝑅𝑠   (Ω) 0.6889 0.595 

𝑅𝑟   (Ω) 0.6282 0.59 

𝐿𝑠 ; 𝐿𝑟  (mH) 4.34 12.7 

𝐿𝑚   (mH) 108 433 

𝐽𝑚  (kg.m2) 0.0465 0.0528 

Type of Starter Wye star-delta run 

Synchronous speed (rpm) 1500 
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3.1 The 22 kW test rig 

All tests were conducted while making use of the already constructed 22kW test rig. 

3.1.1 Power supply system 

The power supply system used consisted of a main unit that was connected to the grid. This unit also 

included a three-phase internal variac which was used for voltage unbalance. The image of this unit is 

shown in Figure 19. 

 

 

 
Figure 19: Power supply unit 

3.1.2 Magtrol torque transducer 

An inline TM 312 torque transducer was used for torque and speed sensing. The output value of the 

measured torque is shown as an analogue DC signal with a ±5 volt deflect [45]. The measuring system 

is based on two concentric cylinders shrunk on each side of the shaft’s deformation zone [4]. 

Accompanying these is are two concentric coils attached to the housing. The cylinders have rows of slots 

that rotate with the shaft inside the coils. An alternating current is then usually applied to the primary 

coil at a frequency of 20 kHz.  

 

If no torque is applied, the slots on the two cylinders do not overlap. If a torque is applied, then the 

deformation zone experiences an angular deformation which results in the slots overlapping [4]. As a 

result, a torque-proportional voltage is on the secondary coil and the built-in electronic module outputs 

an analogue voltage of ±5V. This shows that the transducer uses a non-contact differential in order to 

deduce the torque. The rotor speed is taken from one of the open collector pins as the speed is read from 

an optical sensor on a toothed wheel. The electronic conditioner outputs a signal that is proportional to 

the speed of the rotor [4].  

 

3.1.3 Yokogawa power analyser 

A three-phase Yokogawa WT1800 Precision Power Analyser was connected in series with the supply as 

well as the induction machine being tested. It is able to capture the instantaneous line voltages and 
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currents being fed into the machine. It contained six power input channels and the torque and speed 

signals from the Magtrol inline transducer were read by the device. The analyser is also capable of 

sampling at a frequency rate of 16 – 32 kHz for a sample period of 100 milliseconds [45]. A figure of the 

power analyser is shown below. 

 

 
Figure 20: Yokogawa digital power analyser 

The configuration for the Yokogawa’s connection to the induction machine is shown in Figure 21. A 

computer was connected to the power analyser and it was used to capture the test data. The computer 

was also installed with WT Viewer so that the data could be easily displayed on-screen. The speed and 

torque from the Magtrol transducers are also displayed on the WT Viewer and the power analyser 

together with the power, voltage and current. The output power is obtained through the torque and 

speed measurements [4]. 

 

 
AC

M

WT1800 Yokogawa 
Power Analyzer

Power Meter

Wye delta 
Starter

Standard/Premium plus 
efficiency Induction 
Machine

Three phase supply 
terminal

Magnetic contactor

Computer

 
Figure 21: Experimental set-up [5] 
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3.1.4 Winding resistance measuring tool 

A galvanometer was used to measure the stator resistance and it is regarded as one of the most accurate 

methods of measuring it. An image of the galvanometer used is found in Figure 22.  

 

 
Figure 22: Galvanometer for winding resistance measurement 

 

Galvanometers are made from a Wheatstone bridge with four resistance branches, a voltage source and 

a meter [4]. In the bridge circuit, three known resistances are compared with an unknown resistance in 

order for zero current to reflect on the meter [46]. Figure 23 below shows a typical circuit diagram of a 

Wheatstone bridge. 

 

 
Figure 23: Wheatstone bridge circuit diagram [4] 

 

The stator resistance was measured according to Figure 24: 
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Figure 24: Stator resistance wiring arrangement [6] 

Due to the delta connection of the stator resistance at the terminals, the resistance measured for each 

phase is shown in Figure 24. The leads of the galvanometer were placed on the ‘U’ terminals in the 

diagram to get the corresponding ‘a’ phase resistance. This was repeated for the remaining terminals to 

obtain the ‘b’ and ‘c’ resistances respectively.  

 

An average of the resistances was calculated to obtain the stator resistance: 

 

𝑅𝑠 = 
𝑅𝑎+𝑅𝑏+𝑅𝑐

3
                                    (30) 

3.2 Testing procedure 

3.2.1 No load test 

The no load test gives information about the exciting current and the rotational losses. This test was 

conducted by applying a three-phase balanced voltage on the stator terminals with the load completely 

detached from the rotor at a rated frequency of 50 Hz. The line-to-line voltage, line current, power and 

frequency were recorded and these all served to assist in the calculation of the stator leakage reactance 

and magnetizing reactance [4]. 

 

The no load resistance is obtained using the following equation: 

 

𝑅𝑁𝐿 =
𝑃𝑁𝐿

3∗𝐼𝑃
2                     (31) 

 

Where  𝐼𝑃
2 is the square of the phase current and  𝑃𝑁𝐿  is the no load power.  

The no load impedance and reactance is obtained using the following equations: 

 

𝑍𝑁𝐿 =
𝑉𝑝

𝐼𝑝
                     (32) 

𝑋𝑁𝐿 = √𝑍𝑁𝐿
2 − 𝑅𝑁𝐿

2                                  (33) 

 

Where  𝑉𝑝 is the phase voltage.  

 

3.2.2 Blocked rotor test 

The locked rotor test gives information about the leakage impedances [7]. For this test the rotor of the 

induction machine was locked to prevent it from moving whilst a three-phase balanced voltage, under 

the same rated frequency of 50 Hz, was applied to the stator terminals. A variac was used to raise the 

voltage to a point where the rated current was reached. As was the case for the no load test, the line-to-

line voltage, line current, power and frequency were recorded in order to calculate the stator and rotor 

reactance and resistance. 
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The blocked rotor resistance, impedance and reactance are obtained using the following equations: 

 

𝑅𝐵𝑅 =
𝑃𝐵𝑅

3∗𝐼𝑝
2                     (34) 

 

𝑍𝐵𝑅 =
𝑉𝑝

𝐼𝑝
                                 (35) 

 

𝑋𝐵𝑅 = √𝑍𝐵𝑅
2 − 𝑅𝐵𝑅

2                                  (36) 

 

Where  𝑃𝐵𝑅  is the blocked rotor power. To determine the stator and rotor reactance, 𝑋𝑠  and 𝑋𝑟
′ , the 

following calculation was made: 

 

𝑋𝑠 + 𝑋𝑟
′ = 𝑋𝐵𝑅                        (37) 

 

𝑋𝑠 = 𝑋𝑟
′ =

𝑋𝐵𝑅

2
                             (38) 

 

To calculate the magnetising reactance, the no load reactance was subtracted from the stator reactance 

as follows: 

 

𝑋𝑚 = 𝑋𝑁𝐿 − 𝑋𝑠                       (39) 

 

The rotor resistance was calculated as:  

 

𝑅 = 𝑅𝐵𝑅 − 𝑅𝑠                            (40) 

 

A more accurate calculation of  𝑅𝑟
′   is recommended by the IEEE. The blocked rotor resistance, 𝑅𝐵𝑅 , is 

the sum of  𝑅𝑠 and an equivalent resistance, 𝑅, which is the resistance of the 𝑅𝑟
′ + 𝑗𝑋𝑟

′  branch as is seen 

below: 

 

𝑅 =
𝑋𝑚

2

𝑅𝑟
′2+(𝑋𝑟

′+𝑋𝑚)
2 ∗ Rr

′                       (41) 

 

But if 𝑋𝑟
′ + 𝑋𝑚 ≫ 𝑅𝑟

′ , then 

 

𝑅 = (
𝑋𝑚

𝑋𝑟
′+𝑋𝑚

)2 ∗ Rr
′                       (42) 

 

∴ Rr
′ = (

𝑋𝑟
′+𝑋𝑚

𝑋𝑚
)2 ∗ R                     (43) 

 

The resulting per-phase equivalent circuit is shown in Figure 25.  
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Figure 25: IEEE per-phase equivalent circuit 

 

 

3.2.3 Starting a motor from rest 

This experiment was done with the aim of studying the behaviour of the SEIM and PPEIM when they are 

started form rest and comparing the results with restarting the machines when they are coasting in a 

transient state.   

 

For the start-up process, a number of steps were conducted which started with the switching on of the 

AC main supply. The isolator was manually switched on as seen in Figure 18, which then supplied power 

to the motor being tested. The Magtrol TM312 torque transducer captured the torque and speed 

readings in order to transmit them to the power analyser, which was already capturing the stator 

voltage and current readings from the terminals. Once the machine was switched on, a 500ms update 

time was required before the data could be captured on the WT Viewer. For each test, 1000ms worth of 

data was captured before it was plotted using MATLAB R2013a. 

 

3.2.4 Restarting a motor in a coasting transient state 

The experiment was done with the aim of studying the behaviour of both machines as they are started 

while they decelerate in a transient state.  

 

For the restart process, a large sample of results were collected, initially, to get the phase shift of the 

residual voltage between 0 to 90˚, with the worst case being the 90˚ phase shift. The same process was 

carried out for the phase shift of the residual voltage between 90 to 180˚, with the worst case being the 

180˚ phase shift. The test for each phase shift was conducted by opening and then reclosing the contactor 

within the open circuit time constant. Each time the contactor was reclosed, the WT Viewer captured a 

frame of the data to visually assess the phase shift. An update time of 500ms was required by the WT 

Viewer after each capture.  

 

Each capture was carefully analysed in order to obtain the closest match to the required phase shift and 

the ten best samples were averaged in order to get a better representative sample. For each test, 1000ms 

worth of data was captured before it was plotted using MATLAB R2013a. For the restart tests 

specifically, the plots for residual voltage, transient stator current, transient electromagnetic torque and 

speed of each motor were captured and analysed before a comparison was made. 
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3.2.5 Simulation results of the PPEIM and SEIM 

A representative circuit model of the PPEIM and SEIM was implemented using a MATLAB SIMULINK 

environment. The simulations were run in order to determine ideal results for the restart effects on the 

induction machine. This enables a comparison to be done between experimental and simulated results 

which would highlight the deviations of the actual results from the ideal conditions. 

 

i. SIMULINK models 

Both the PPEIM and SEIM were modelled using an asynchronous machine block on SIMULINK. This 

block is capable of implementing a three-phase wound rotor, squirrel cage or double squirrel cage 

induction motor modelled in a dq reference frame (rotor, stator or synchronous). For this study, a 

squirrel cage motor was modelled and the stator and rotor windings were connected in wye to an 

internal neutral point. 

 

The circuit diagram model used for both induction machines can be found in Figure 26: 

 
Figure 26: SIMULINK model for PPEIM and SEIM 

 

ii. Residual voltage decay profiles 

The following residual voltage profiles were obtained for the decay of the residual voltage of both the 

PPEIM and SEIM using the SIMULINK model. The examples shown are for the 180° phase shift of the 

residual voltage.  
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Figure 27: SEIM per-phase residual voltage decay 
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Figure 28: PPEIM residual voltage decay 

 

 

 

Figure 27 and 28 show that, from the point of disconnect, the PPEIM shows a slower decay in the residual 

voltage compared to the SEIM. The higher inertia of the PPEIM enables it to maintain a higher speed 

and, therefore, a higher residual voltage than the SEIM until the 180° phase shift.  

 

 

iii. Current transients 

 

 
 
 

Figure 29: SEIM current transient response - 180 degrees phase shift 

Time (s) 

44.15 A 
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Figure 30: PPEIM current transient response - 180 degrees phase shift 

 

The per phase stator current responses can be seen in Figure 29 and 30. The highest current spike occurs 

at phase C for the SEIM at a peak of 44.15 A, whereas the PPEIM reaches a highest peak of 50.1 A for 

phase C. This yields a difference of 6.2 A, which is not exceedingly significant yet it highlights the 

expected outcome of the PPEIM having a larger peaking current transient than the SEIM. 

 

Time (s) 

50.1 A 
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iv. Torque transients 

 
Figure 31: PPEIM SIMULINK torque & speed transient response - 180 degrees phase shift 

 

 
 
 

Figure 32: SEIM SIMULINK torque & speed transient response - 180 degrees phase shift 

 

The load on the torque for the simulations was set to zero. The torque response of the PPEIM, 54 Nm, 

was found to be higher than the SEIM, 50.7 Nm. This is expected since the current response of the PPEIM 

was higher in Figure 30. It is clear from these results that the time required to attain the desired phase 

shift has an influence on the magnitude since the speed of the machines slows down. Therefore, it is the 

purpose of this study to observe these relationships and compare the findings to the practical behaviour 

of the motors. 
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v. Speed profiles 

 
 

 

Figure 33: Detailed view of SEIM rotor speed decay - 180 degrees phase shift 

 

A closer look at the decay of the speed profile shows that the SEIM in Figure 33 shows a slightly faster 

decline in the rotor speed than the PPEIM in Figure 34. This is illustrated by the SEIM having a sharper 

gradient of speed decay than the PPEIM for the 180° phase shift of the residual voltage before the motor 

is restarted. The gradient of the PPEIM is at a value of 33 rpm/s and the gradient of the SEIM is 45 rpm/s. 

This signifies a difference in the way in which the two machines decrease in speed after the point of 

disconnect, with the SEIM experiencing a faster decay. This difference is highlighted further in the 

experimental results in Chapter 4 where it can be seen that the speed of the rotor has an influence on 

the decay of the residual voltage magnitude and hence, the resulting transient current and torque. This 

can be mainly attributed to the higher inertia of the PPEIM (0.526 kg.m2) compared to the SEIM (0.465 

kg.m2).  
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Figure 34: Detailed view of PPEIM rotor speed decay - 180 degrees phase shift 

 

 

Observing the disconnect profiles for both machines, it can be seen that the SEIM has a higher residual 

voltage peak after disconnect than the PPEIM. This is illustrated in Figures 35 and 36:  
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Figure 35: Detailed view of SEIM residual voltage peak after the point of disconnect 

 

 

 
 

Figure 36: Detailed view of PPEIM residual voltage peak after the point of disconnect 
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An observation of Figure 35 and 36 shows that the SEIM has a higher residual voltage peak just after 

disconnect at a magnitude of 285.24 V than the PPEIM which has a magnitude of 284.69 V. From this, it 

can be established that the MATLAB SIMULINK induction machine model does take the residual flux that 

remains after disconnect into account.  It will be seen in the experimental results later in chapter 4 that 

the SEIM does have a larger residual voltage just after the point of disconnect than the PPEIM. This is 

due to the higher retentivity and residual magnetism that the SEIM has based on the lower-grade silicon 

steel used in its manufacture. 
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4. Validation of results and discussion of 
balanced induction machine transients 

 

This chapter presents the validation of the results for the rated voltage start-up and restart tests. It also 

deals with the impact of the tests on the current and torque transients of induction motors. The 

important factors that play a role in the residual voltage decay of both machines before they are 

restarted are presented. Numerous experimental trials were run for the start-up and restart tests to 

obtain an exhaustive amount of data. This assisted greatly in observing trends which gave a better 

analysis of how the shift in phase and change in magnitude of the residual voltage affected the current 

transients 

 

A comparison is made between the PPEIM and SEIM in terms of the current and torque transient 

response. The experiments were carried out for 4 conditions. These included, start-up conditions and 

restart conditions with a 0⁰, 90⁰ and 180⁰ phase shift of the residual voltage relative to the supply.  

Initially, the machines were operated under rated, steady state conditions in order to obtain the base 

values. These values were used to characterise the results for easier analysis, interpretation and 

comparison between the two machines [5].  

 

The values in this section will be presented as per-unit [pu] quantities. Table 5 shows the base values 

for the motors run under a star wye connection. The base values for the voltage and current were the 

rated peak phase magnitudes whereas the rated values were used for the torque and the speed. 

 
Table 5: Induction motor base values 

 

4.1 Start-up from rest 

The use of a direct-on-line (DOL) starting method can result in the current and electromagnetic torque 

of a motor having very large peaks before settling in steady state when compared with a star-delta 

starter. At start-up, there is no residual voltage to further impact on the current and torque magnitudes 

and the effect is exclusively due the supply terminal and the stator impedance [5] 

 

Due to such effects, a reduced voltage starter is utilised for the motors being assessed. The starter used 

is a star-delta starter and it operates by initially starting the motor in a star connection, which reduces 

the voltage by a factor of  
1

√3
. This factor therefore reduces the starting current and torque by two-thirds 

[47].  

 

For the start-up case, the same voltage is applied to both machines.  Only the current and torque 

transients will be presented and discussed in the following section. 

 

Type of motor Voltage [V] Current [A] Torque [Nm] Speed [rpm] 

Premium plus efficiency 318.43 11.3 49.3 1465 

Standard efficiency  318 12.13 49.3 1455 
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The start-up current and torque profiles are shown in Figure 37: 

i. Per-phase current 

 

 
Figure 37: Rated per-phase start-up stator current  

 

When an induction motor is started, large inrush currents occur. Ordinarily, during the initial half-cycle, 

the inrush current spike is at its highest and is much larger than the normal rated current. After the 

initial half-cycle, the motor starts to rotate and the start-up current begins to subside. Once the motor 

reaches steady state speed, the current would have reached its operating value which should be below 

its rated value [4]. 

  

Upon the connection of a three phase supply voltage to the terminals of a motor, only the impedance of 

the stator limits the current drawn. There is no residual voltage in the system, thus there is no remaining 

flux to oppose the current [4]. Due to the PPEIM having a lower resistance, it will typically draw a larger 

per unit current spike at start-up. The average locked rotor current of an SEIM can rise up to five or six 

times the rated current. For PPEIMs, the starting currents can be as high as eight times the rated value 

[4].  

 

This start-up current spike can last for a few cycles for a small motor such as the 7.5 kW induction 

machine but may last for several seconds for larger motors depending on the load inertia, since motors 

in industry will often be loaded [4]. Due to the PPEIM having a larger current at start-up, this can have 

an adverse effect on the protection system that is connected to the motor and this will be especially true 

for much larger machines in industry.  
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From Figure 37, it can be seen that the inrush currents that appear during the first period of the start-

up process are prominently large but are lowered immediately in the next cycle. The figure shows spikes 

of 5.60 pu for the PPEIM and 4.65 pu for the SEIM. This shows that the starting current can indeed rise 

up to over three to four times the rated value for a star-delta start-up procedure as has been stated in 

[13]. The same article also states that this is a reduced value as the start-up transients can potentially 

rise to six to eight times the rated value in the case of DOL starting.  

 

The sustained transient of roughly 4 pu (for the PPEIM) can be seen before the machine comes to a no 

load steady state. However, this is not a worst-case scenario for start-up since a delta-star starter is used 

as opposed to a DOL start-up method [13], thereby reducing the supply voltage. A high current 

amplitude has the potential to damage the switch powers of electrical components connected to the 

terminals, with inverters being a prime example [48]. 

 

The large starting current and subsequently sustained transient, as seen in Figure 37, can potentially 

cause the voltage supply to dip during this period which can be hazardous to the other machines 

connected to the same grid [13]. Essentially, voltage distortions and variations in supply amplitude may 

cause power quality issues. Both these phenomena can be grouped together to be termed as voltage 

sags. Voltage sags often have varying effects on sensitive equipment. A larger emphasis needs to be 

placed on motor protection as a result, especially with the case of a fast reconnection to the same or 

alternate supply [49].  

ii. Torque 

 
Figure 38: Rated start-up torque  
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The start-up torque has values of 1.23 pu and 1.00 pu for the PPEIM and SEIM respectively as has been 

presented in Figure 38. There is a difference of 0.23 pu between the two machines. This difference in 

torque transients will be seen to increase when restarting the machines at different phase shifts of 

residual voltage and this is due to the fact that at start-up, it is only the impedance that determines the 

starting transients. The PPEIM has a stator impedance of 0.59 Ω while the SEIM has a stator impedance 

of 0.69 Ω. Later in the chapter, it will be seen how the presence of residual voltage will have varying 

effects on the current and torque transients depending on when the machine is reconnected. 

 

One thing to note in Figure 38 is that the torque transient does not spike significantly. This is a similar 

pattern to the start-up current where the transient is sustained for several cycles before it dies down.  

4.2 Restart when coasting to standstill 

As an electric motor has its contactors reclosed, the effects that are experienced are due to the variation 

in frequency, magnitude and phase of the residual voltage. Improper reclosing of the contactors will 

result in undesired transients that cause large current and torque. This can result in supply voltage 

instability, a switching off of the supply, shattering of the windings, insulation and bearings of the motor 

as well as the disturbance of the normal production process in a factory [3]. 

 

It is for this reason that careful analysis needs to be done at the point of reclosing. It has been stated 

before that the safe reclosing time is when the residual voltage is 33% of the supply voltage [30]. 

However, the studies found in Pathom et al have shown that this criterion is ineffective since large 

magnitudes of torque and current transients may still appear after the residual voltage decay has 

decreased below 33%. The magnitude and phase of the residual voltage relative to the constant supply 

voltage determines the resulting current and torque transient peaks. The results for three phase shifts 

are presented in this analysis of reclosing transients. The magnitude is a consequence of the time 

required to achieve a desired phase shift, given the mechanical time constant. For the deemed worst-

case scenario, attempts were made to reclose the contactor within the open circuit time constant of the 

motors concerned. 

 

If the magnitudes of the machines are the same and only phase shifts are considered, much larger 

potential differences would be experienced between the supply and residual voltage as the phase shift 

with a maximum at 180˚. For experimental results, the time required to attain the desired phase shift 

also has an effect on the magnitude since the speed of the machine is decreasing. Later in the chapter it 

will be seen, through experimental results, how the speed influences the magnitude of the residual 

voltage. 

 

4.2.1 Restart for 0° phase shift 

For the restart tests, the per-phase residual voltage, current and developed torque is presented. With 

respect to each machine, the restart is executed while the residual voltage is in phase with the constant 

supply. This point of reconnect occurs sooner than the cases with larger phase shifts, therefore the 

magnitude of the residual voltage is higher than the other cases, since the speed of the machine is also 

greater.  Furthermore, the potential difference between the constant supply and stator residual voltage 

is expected to be the least. This statement has a more significant bearing if the magnitudes of the supply 

and residual voltage are the same. 

 

Figure 39 shows a single phase of the residual voltage relative to the supply voltage as the contactor is 

opened and reclosed. This is shown for the SEIM. 
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Figure 39: 0° Per-phase supply voltage vs. residual voltage [SEIM] 

 

Figure 39 shows that the residual voltage and supply have a similar phase at the last peak before the 

point of reconnect. The point of interest for the residual voltage is the last peak before restart. This offers 

a valuable point of reference for the residual voltage in the subsequent tests since it plays a significant 

role in the magnitude of the peak current and torque transients. 
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i. Residual voltage 

 

 
Figure 40: Per-phase residual voltage - 0 degrees phase shift 

 

From Figure 40, it can be seen that the first peak from the point after disconnect is higher for the SEIM 

than for the PPEIM, which was expected based on the poorer permeability of the SEIM. This is shown in 

Figure 40 where the second peak after the point of disconnect has 0.29 pu and 0.32 pu for the PPEIM 

and SEIM respectively. Due to the PPEIM having a higher permeability, it therefore has a lower 

retentivity. Thus, it has a lower ability for its coil to retain its magnetism once the current supply has 

been interrupted. It is for this reason that the PPEIM shows a lower residual voltage in the first cycle 

after the point of disconnect. This can also be associated with the lower residual flux remaining in the 

PPEIM.  

 

In addition, the difference in the number of cycles before the point of reconnect highlight the fact that 

the PPEIM takes several cycles longer than the SEIM to get to the required phase shift. This will be 

explained further in the chapter.   
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ii. Current 

 
Figure 41: Per-phase stator current - 0 degrees phase shift 

In Figure 41, it can be seen that the per-phase stator current spike is less than the start-up case. For the 

start-up case, the stator current transient had a value of 4.65 pu and 5.60 pu for the SEIM and PPEIM 

respectively.  

Comparing these values to Figure 37, a reduction is observed for both machines with a result of 1.19 pu 

and 2.44 pu for the SEIM and PEIM respectively in Figure 41. It is clear that the presence of a large 

residual voltage in this scenario reduces the potential difference and hence, reduces the current 

transients. The supply voltage and the residual voltage are in phase with each other and thus the 

resultant voltage, or potential difference, is at a minimum. 

 

It can be seen that the PPEIM experiences a larger current transient spike than the SEIM. This large 

difference can be attributed to the PPEIM having a lower stator impedance than the SEIM since the 

potential difference between the supply and the voltage is not significant. 
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iii. Torque 

 

 
Figure 42: Torque - 0 degrees phase shift 

 

Observing the torque in Figure 42, it can be seen that the PPEIM has a larger spike, 0.83 pu, than the 

SEIM which is at 0.43 pu. It should also be noted that the torque experienced in this test is less than the 

start-up case (1.00 pu for SEIM and 1.23 pu for PPEIM). It should also be noted that the difference in 

torque between the two machines is larger for this case than at start-up. At start-up, the torque 

difference between the two machines is 0.23 pu whereas for the 0˚ phase shift, the torque difference is 

0.40 pu. The torque difference has increased by 74% from the start-up case to the 0˚ phase shift case. 

 

It then becomes clear that the potential difference between the supply and residual voltage plays an 

important role in the magnitude of the current and torque transients. The latter cases for the 90° and 

180° phase shift further highlight this and it can be seen that the larger the magnitude of the potential 

difference between the supply and the residual voltage, the larger the transients will be. 

 

4.2.2 Restart for 90⁰ phase shift 

For this test, the residual voltage was allowed to decay further until the per-phase residual voltage had 

shifted by 90° from the reference supply.  

i. Residual voltage 

Figure 43 shows a single phase of the residual voltage relative to the supply voltage as the contactor is 

reclosed. This is shown for the SEIM. 
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Figure 43: 90° Per-phase supply voltage vs. residual voltage [SEIM] 

 

A 90° analysis was considered in order to compare and verify the impact that the phase shift has on the 

current and torque transients. Numerous tests were run in order to get an average value for the residual 

voltage magnitude at this particular section of the study. 

 

A comparison of the typical restart profiles for a 90° phase shift in residual voltage is shown in Figure 

44: 
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Figure 44: Per-phase stator residual voltage - 90 degrees phase shift  

 

Figure 44 shows that the residual voltage is now at a lower peak per unit magnitude (0.127 pu for PPEIM 

and 0.117 pu for the SEIM) than the 0° phase shift case (0.195 pu for PPEIM and 0.222 pu) seen in Figure 

29 above. This reduction is a result of allowing more time for the residual voltage phase to achieve a 90° 

phase shift. As a result, the potential difference has increased for each machine due to a further 

reduction in the residual voltage. Thus, a larger peak current and torque spike is expected. 

 

ii. Current 

The per-phase transient current response is shown in the Figure 45. 
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Figure 45: Per-phase stator current - 90 degrees phase shift 

 

From Figure 45, it can be seen that the current spikes are higher than the 0° case for each machine. It 

can also be seen that the PPEIM attains a higher overall current spike (7.26 pu) than the SEIM (5.77 pu). 

Generally, a larger current amplitude will lead to a higher torque response and thus, the larger the 

concussion on the rotor will be [3]. Conversely, the lower the current amplitude, the lower the impact 

of the developed torque will be and a slighter concussion of the rotor will be experienced.  
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iii. Torque 

 
Figure 46: Torque - 90 degrees phase shift 

 

The torque in Figure 46 shows a 52% increase for the PPEIM (from 0.83 pu to 1.26 pu) while the SEIM 

experienced a 30% increase (from 0.43 pu to 0.56 pu) in torque spikes from the 0° phase shift case. In 

addition, the PPEIM maintains a larger torque than the SEIM due to the larger current transients seen 

in Figure 36. It is evident that the PPEIM is more susceptible to the mechanical concussions associated 

with restarting torque transients as the potential difference between the supply and the residual voltage 

increases. 

 

4.2.3 Restart for 180⁰ phase shift 

This section covers the 180° phase shift restart tests and the resulting current and torque transient 

spikes. The lowest per-phase residual voltage is expected due to the extended amount of time allowed 

for it to decay. Furthermore, since the residual voltage is 180° out-of-phase with the constant incoming 

supply, the largest potential difference is expected for each machine. Due to this fact, the largest current 

and torque transients are also expected. 

 

Figure 47 shows a single phase of the residual voltage relative to the supply voltage of the SEIM as the 

contactor is reclosed when the phase shift reaches 180°. 
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Figure 47: 180° Per-phase supply voltage vs. residual voltage [SEIM] 

i. Residual voltage 

A comparison of the typical restart profiles for a 180° phase shift in residual voltage are shown in Figure 

48 between the SEIM and the PPEIM: 
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Figure 48: Per-phase residual voltage - 180 degrees phase shift (a) 

It is important to note that the residual voltage of the PPEIM is higher than the SEIM. The traces in Figure 

48 indicate that the PPEIM will therefore have a slightly larger potential difference than the SEIM just 

before restart. For instance, phase A shows a 0.00148 pu difference in the last residual voltage peaks 

before restart. However, as it is seen in Figure 49, the PPEIM exhibits a current spike that is almost 1.4 

times larger than the SEIM.   
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ii. Current 

 
Figure 49: Per-phase stator current - 180 degrees phase shift 

 

The largest possible transient spike for the current in this test is seen in Figure 49 with the PPEIM 

peaking at 7.60 pu and the SEIM peaking at 5.56 pu. The PPEIM still maintains a higher current transient 

spike than the SEIM and both machines experience the largest current peaking transients for this phase 

shift due to the magnitude of the potential difference being at its largest value. This shows that while the 

residual voltage is steadily decaying, the potential difference is at its greatest when the supply is 

reapplied at 180° phase shift. This is due to the fact that as the machine reaches 180˚ and is reconnected, 

an effective terminal voltage larger than that experienced at start-up will occur [12].  

 

Furthermore, the findings attained from the worst-case scenario of induction motor restart in the 

simulations are validated. The peaking current transients were higher for the PPEIM (50.1 A) than for 

the SEIM (44.15 A) which were also seen earlier in Figure 29 and 30. 
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iii. Torque 

 
Figure 50: Torque - 180 degrees phase shift 

The major difference is clearly seen for the 90° to 180° case, where a 75% and 185% increase in torque 

transient spikes in seen for the PPEIM (from 1.26 pu to 2.20 pu) and SEIM (0.56 pu to 1.60 pu) 

respectively. The largest torque spike occurs for the 180° phase shift. Since it is deemed the worst-case 

scenario, the largest potential difference and, by extension, the lowest residual voltage, is seen here 

before reconnect. Thus, the largest current and the largest torque transient occurs as expected. In Figure 

50, the same trend is seen as the previous cases where the restart torque is larger for the PPEIM than 

the SEIM.  

 

The current and torque transient spikes for both machines last momentarily for the restart cases. While 

the current does not have a severe effect in terms of heating in the winding, the momentary torque, 

however, can have serious mechanical damage to the windings [11]. The PPEIM experiences a restarting 

torque which is over 2 times larger than the rated value which indicates that it will experience additional 

mechanical stress which can be detrimental over a prolonged period of time [13] compared to the SEIM. 

 

The following tables highlight the per-unit magnitudes of the current and torque spikes for the figures 
shown above. The potential difference between the peak supply and residual voltage magnitude peak 
just before restart is also shown. The magnitudes of the residual voltage are taken from the last peak 
observed before the point of reconnect as has been shown in Figures 40, 44 and 48. 
 
The results in Tables 8 and 9 show that the peak current and torque values increase with an increasing 

phase shift between the supply and residual voltage even though the residual voltage is decaying in 

magnitude for each of the phase shifts.  
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Table 8: PPEIM experimental results 

 
Potential Difference 

(PU) 
Current (PU) Torque (PU) Speed (rpm) 

Start-Up 1.02 5.60 1.23 n/a 

0° 0.805 2.44 0.83 1485 

90° 0.873 7.21 1.26 1462 

180° 1.078 7.60 2.20 1456 

 
 

Table 9: SEIM experimental results 

 
Potential Difference 

(PU) 
Current (PU) Torque (PU) Speed (rpm) 

Start-Up 0.99 4.65 1.00 n/a 

0° 0.778 1.19 0.43 1494 

90° 0.883 5.77 0.56 1468 

180° 1.076 5.56 1.60 1453 

 

 

It is evident that from the results that the PPEIM experiences a higher transient torque spike than the 

SEIM for every test. It is also evident that the current and torque spikes increase as the phase 

displacement varies from 0˚ to 180˚ with the 180˚ case showing the largest torque spike with values of 

2.20 pu and 1.60 pu for the PPEIM and SEIM respectively. Observing the potential difference, it can be 

seen that the magnitude of the residual voltage at the point of reconnect influences the magnitude of the 

current and torque transients. The transients are larger for the PPEIM which experiences the larger 

potential differences at the worst case of 180°.  It should also be noted, however, that the potential 

difference for the PPEIM and SEIM are not significantly different for the worst case. 

 

The PPEIM experiences the larger effect of the two machines for every phase shift. This is influenced not 

only by the smaller stator impedance but by the speed of the PPEIM as it decays at a slower rate than 

the SEIM after disconnect. This is due to the fact that the PPEIM has a higher rotational inertia and 

mechanical time constant than the SEIM which would mean that the PPEIM would naturally take a 

longer time to wind down after disconnect. This means that there would be a less significant decay in 

the residual voltage of the PPEIM, which has resulted in the largest residual voltage once the machine 

has reached a 180° phase shift. The worst-case scenario of the 180° phase shift is indicated by the largest 

torque transients experienced by both machines. 

 

These spikes are larger than those experienced under start-up conditions for their respective machines. 

The difference between the machines can be attributed to the fact that the PPEIM has a higher residual 

flux in the windings at reconnect and a higher speed as well as a lower stator impedance. The 

relationship between the current, torque, speed and residual flux are complicated according to Wang et 

al [3]. However, it is important to look at each of the factors that influence the restarting transients 

individually in order to establish a dominating factor that better explains the differences between the 
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PPEIM and SEIM. These factors which influence the outcome in this scenario can be found in the next 

section. 

 

4.3 Important factors in determining restarting transients in induction 

machines 

4.3.1 Residual flux 

In the case of residual flux, it is expected for the SEIM to have a larger residual flux at disconnect due to 

the fact that it has a lower permeability than the PPEIM. From Figure 51, the markers indicate the typical 

peak values of the residual voltage after four cycles from the point of disconnect for a single phase.  

 

Since both motors operate at similar speeds under no load, it can be stated that the larger peak residual 

voltage associated with the SEIM at disconnect (0.315pu) is attributed to the larger residual flux when 

compared with the PPEIM (0.288pu) at 0˚ phase shift. At reconnect, the residual voltage peak value for 

the SEIM (0.223 pu) is also larger than the PPEIM (0.195 pu). 

 

For the 90° case, a steady decay is seen for both machines in Figure 51. The SEIM, having been tested at 

different times to the PPEIM, shows a larger peaking residual voltage profile from its point of disconnect 

until the point at which the PPEIM is reconnected at 274 ms. However, by the time the SEIM reaches the 

90° phase shift at 424 ms and is reconnected, it has a lower residual voltage peak (0.117 pu), than the 

SEIM (0.144 pu). 

 

A single-phase residual voltage profile before reclosing for a 90° phase shift is shown: 

 

 
Figure 51: Per-phase residual voltage - 90 degree phase shift (b) 
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For the 180° case, a similar pattern to that of the 90° phase shift is seen. The peak value for the residual 

voltage is higher for the PPEIM than the SEIM and remains so until their respective points of restart. 

Also, the time between the respective restart points is considerably shorter than for the preceding cases.  

 

In this case, however, the PPEIM has a larger residual voltage peak (0.089 pu) just before restart than 

the SEIM (0.076 pu). This explains the larger potential difference, between the constant supply and 

stator residual voltage peak, for the PPEIM than the SEIM before restart. It should be known that the 

potential difference in this case is the addition of the last residual peak to the constant supply at the 

same point. This further supports the reasons behind the larger current and torque transient spikes 

shown earlier for the PPEIM as opposed to the SEIM.  

 

Figure 52 shows the profile of the residual voltage at 180° phase shift for both machines. Note that the 

potential difference between the residual voltage and the constant supply reaches its maximum for this 

test.  

 

 
Figure 52: Per-phase residual voltage - 180 degree phase shift (b) 

 

Though it can be seen that there is no significant difference in the peak residual voltage just before 

reconnect between the SEIM and PPEIM, it is important to note that the residual voltage magnitude is 

partly influenced by the speed of the machine and the residual flux. Even though the SEIM has a higher 

residual flux, the PPEIM has a higher rotor time constant and therefore the speed decays at a slower 

rate. This is evident in the 180° phase shift since the residual voltage is higher for the PPEIM, since the 

speed at reconnect is higher. This is mainly attributed to the lengthier time required to acquire the 180˚ 

phase shift compared to the 0° phase shift, clearly showing the slower speed decay and therefore higher 

mechanical time constant for the PPEIM. 
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4.3.2 Speed 

The PPEIM runs at a higher rated speed (1465 rpm) than the SEIM (1455 rpm). For this set of 

experiments, however, the machines were run under no load conditions. Thus, both machines ran at 

speeds very close to the synchronous speed (1500 rpm). The rate of decay soon after disconnect has a 

bearing on the residual voltage magnitude, especially at points just before reconnect.  

 

Considering the 0° phase shift case, a large difference is seen between the PPEIM and SEIM. Both 

machines are given minimum time to decay. For the respective restart points of the SEIM and PPEIM, as 

shown in Figure 44, it can be seen that the PPEIM is restarted at a lower speed of 1474 rpm in 

comparison to the 1483 rpm of the SEIM. Due to the considerably higher speed for the SEIM at reconnect, 

a larger peak residual voltage is expected at restart for the SEIM than the PPEIM. This supports the 

higher residual voltage magnitudes seen for the SEIM compared to the PPEIM in earlier results. 

 

The speed profile for the 0° phase shift restart is shown in Figure 53: 

 

 
Figure 53: Speed transient - 0 degree phase shift 
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PPEIM while the SEIM is at 1457 rpm. This supports the statement made earlier in [50] about the shaft 

speed affecting the magnitude of the residual voltage peak. A larger speed regularly results in a larger 
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load [50]. 
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However, due to the PPEIM residual voltage taking longer to reach the 90° phase shift, the speed seen 

at the restart point for the PPEIM is slightly lower than that of the SEIM at its corresponding restart 

point. This is shown in Figure 54: 

 
Figure 54: Speed transient - 90 degree phase shift 

 

Due to a larger open circuit time constant, it takes longer for the voltage of the PPEIM to reach the 37% 

of the rated voltage value than the SEIM.  This translates well into the speed case seen in Figure 54. In 

Figure 52, it can be seen that the PPEIM is still at a higher residual voltage peak than the SEIM just before 

reconnect. This further highlights the fact that the rotor speed is proportional to the residual voltage as 

it decays in time, as stated in [50]. 

 

For the 180° case, due to a larger residual voltage peak for the PPEIM seen earlier, a larger speed is 

expected at the point of restart for the PPEIM. There is no significant difference in the speed between 

the PPEIM (1458 rpm) and the SEIM (1454 rpm) but the expectation is met. Generally, as was the case 

with 90°, the PPEIM maintained a higher speed than the SEIM before the restart points of both machines. 

A further validation is made from the simulated results in chapter 3 which showed the speed of the 

PPEIM being higher than that of the SEIM just before the point of reconnect in Figures 35 and 36. 

 

This is illustrated in Figure 55: 
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Figure 55: Speed transient - 180 degree phase shift 

 

It is important to note that in this case, the speed of the PPEIM is higher at the point of reconnect which 

supports the fact that the residual voltage of the PPEIM would be higher and this would result in a 

slightly larger potential difference. Figure 55 shows that the difference in speeds between the two 

machines is negligible (2 rpm) at their respective points of restart. This however, does not necessarily 

explain the much higher current and torque spike for the PPEIM compared to the SEIM. The respective 

stator impedances of the two machines have to be taken into account. 

 

4.3.3 Stator impedance 

Standard efficiency machines have a higher winding resistance than energy efficient machines. Thus 

when a three phase voltage is applied to the stator terminals, the only impedance limiting the current is 

this impedance. At start-up, there is no residual flux, thus no residual voltage to oppose the flow of 

current [4]. Thus, the current and torque spikes are dependant solely on the impedance. Due to the 

PPEIM having lower impedance, a much higher starting current spike is expected and due to the larger 

current spikes seen for the PPEIM, a larger torque is observed for the same machine.  

 

When restarting while coasting, there exists a residual flux which results in a residual voltage. The 

potential difference between the supply and residual voltage, together with the stator impedance, will 

influence the magnitude of the current and torque spikes. A larger potential difference results in larger 

current and torque transients. The PPEIM is worse in this regard since it experiences a larger potential 

difference and has a lower stator impedance. 
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4.3.4 Dominating factor 

A dominating factor can hence be established when it comes to determining which machine experiences 

the most detrimental transients. The information above has shown that the potential difference between 

the peak supply and the stator residual voltage magnitudes does have an impact on the current and 

torque transients for both machines. This potential difference varies as the magnitude and phase of the 

residual voltage changes with the worst-case scenario being the 180° phase shift of the residual voltage 

where the potential difference is at its largest. 

 

Immediately after the moment of disconnect, the machines remain rotating with a steadily decreasing 

speed. The residual voltage frequency was seen to decrease more sharply for the SEIM than the PPEIM. 

The residual voltage associated with the SEIM is higher at the point of disconnect yet it decreases more 

rapidly due to the lower rotor time constant compared to the PPEIM. However, in the tests conducted, 

the difference in magnitude between the residual voltages at the point of reconnect is marginal in 

comparison to the change in current and torque spike for a particular test condition. Therefore, there 

appears to be greater sensitivity to the stator impedance in determining the extent of the spike, however 

all factors need to be considered when assessing the potential risk, especially when examining large 

machines in industry. 

 
Table 6: Factors associated with the motor design, which contribute to the spike in current and torque when 

restarting while coasting 

 SEIM PPEIM 

Rotor time 
constant 

✕ ✓ 

Permeability ✓ ✕ 

Stator 
Impedance 

✕ ✓ 

 

 

Table 10 indicates the factors associated with the motor design, which would contribute to the spike in 

current and torque when restarting while coasting. The larger rotor time constant in the PPEIM would 

mean that the PPEIM frequency and speed takes longer to decay and thus, attains a higher residual 

voltage at the point of reconnect under the worst-case condition. The higher permeability of the SEIM 

suggests that the residual voltage at the point of disconnect is higher for the SEIM than the PPEIM. As 

both machines decay to the 180° phase shift, the SEIM is now seen to have the lower residual voltage 

due to a slower decay in speed and lower rotor time constant. 

 

It must be noted that there is no significant difference between the peak residual magnitudes of the two 

machines. For most of the tests, the potential difference is slightly higher for the PPEIM at each last peak 

just before the point of reconnect, which supports the larger torque and current spikes seen. However, 

the current and torque spikes observed between machines are consistently larger for the PPEIM even 

with a marginal difference in residual voltage magnitudes at different points of reconnect. This is 

supported by the fact that the PPEIM has a considerably lower resistance. Thus, a dominating factor for 

the larger transients seen in the PPEIM is, in fact, the stator impedance.
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5. Impact of voltage unbalance on 
reclosing of SEIM and PPEIM 

 

This chapter deals with the impact of the start-up and restarting process on the current and torque 

transients of induction motors which experience unbalanced voltage conditions. The PPEIM and SEIM 

are both run under the same unloaded start-up and restart tests for rated, undervoltage and overvoltage 

with unbalance. The machines were tested for the 1% and 2% voltage unbalance and the results for the 

power quality issue are discussed in this section. 

 

Previous studies have focused on the effects of voltage unbalance on induction motors from an analytical 

point of view and have accounted for the losses in the models. Other works have done experimental 

studies on the effects of voltage unbalance effects on induction machines using the CVUF method, 

including the segregation of the losses for motors with different NEMA designs [33]. This study, 

however, is done with the purpose of finding the effect of voltage unbalance on the transient operation 

of induction machines. The IEC method of calculating the percentage unbalance was used as the VUF 

conveys an improved physical version of the cause of unbalance and is more useful in the prediction and 

analysis of the effects of voltage unbalance on the motor [39]. 

 

An appreciable unbalance in the supply voltage in an induction machine leads to an unbalance in the 

associated current and torque [4]. The proceeding results will show the current and torque transient 

spikes that occur as a result of rated voltage unbalance as well as over- and undervoltage unbalance. 

 

Both the PPEIM and SEIM were tested under the same voltage unbalance conditions. The unbalance was 

achieved by maintaining the magnitude of one of the phases at the rated voltage while equally raising 

and lowering the voltage magnitudes of the other two phases. 

 

The unbalance measurements were taken in voltages ranging from a balanced condition (0% unbalance) 

to 2% unbalance for the start-up and the 180˚ phase shift restart conditions. The input voltage was 400V 

for the rated voltage case, 440V for the overvoltage case and 360V for the undervoltage case.  

 

The results for the tests are shown in Table 11 for the SEIM and Table 12 for the PPEIM. 
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Table 7: SEIM voltage unbalance 

 

 

 

Table 8: PPEIM Voltage Unbalance 

 

 

Both tables show that the current and torque transients respond to the magnitude of the voltage applied 

to the stator terminals. The input stator resistance of both machines remains the same and thus, the 

varying start-up and inrush restart current and torque first half-cycle peaks depends on the magnitude 

  Average Voltage 1% Unbalance 2% Unbalance 

  Torque Current Torque Current Torque Current 

Start-Up 

Average Rated 
Voltage 

1.04 4.65 0.99 4.35 1.04 4.46 

Overvoltage 1.31 5.04 1.28 4.95 1.22  5.11 

Undervoltage 0.80 4.07 0.79 4.00 0.73 4.11 

Restart 
180⁰ 

Average Rated 
Voltage 

1.84 5.82 1.77 5.60 1.74 5.65 

Overvoltage 2.02 6.25 2.01 6.22 2.02 6.59 

Undervoltage 1.48 5.18 1.46 5.19 1.52 5.26 

  Average Voltage 1% Unbalance 2% Unbalance 

  Torque Current Torque Current Torque Current 

Start-Up 

Average Rated 
Voltage 

1.18 5.40 1.23 5.12 1.28 5.23 

Overvoltage 1.48 5.88 1.41 5.54 1.45 5.61 

Undervoltage 0.95 4.65 0.93 4.56 0.94 4.62 

Restart 
180⁰ 

Average Rated 
Voltage 

2.42 7.11 2.43 6.80 2.33 6.61 

Overvoltage 2.89 7.37 2.42 6.90 2.44 6.95 

Undervoltage 1.95 5.85 1.77 5.91 1.81 5.98 
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of the mains voltage applied [4]. It can be seen that the largest torque transients occur for the 

overvoltage case, followed by the average rated voltage and finally, the undervoltage case.   

 

Both tables indicate that the start-up and restart peak torque values for voltage unbalance, for the 2% 

condition above, are, on average, lower than that of the average voltage transients for the balanced 

condition. This decrease in the transient torque peak from the balanced condition is expected since [36] 

states that a presence of voltage unbalance causes a negative sequence torque to exist due to the 

negative sequence voltage. This negative sequence voltage results in a flux in the airgap that rotates in 

the opposite direction to the positive rotating field. With the exception of non-linearity, the result is a 

superimposing of the two motors with one operating at a slip, s, while the other operates at a slip of 2-s 

[36]. As a result, there is a net reduction in torque and speed. The reduction of the peak torque 

compromises the ability of the motor to ride through voltage dips and sags. The transient effects of the 

resulting voltage sags can result in the triggering of the motors protection system [51]. Once a voltage 

dip occurs, the induction machine may stall and would not be able to reaccelerate sufficiently to drive a 

load upon restoration of the supply to a normal state [52]. 

 

The PPEIM experiences a larger deviation of torque transients than the SEIM. In a separate study, under 

steady state conditions for voltage unbalance, the current unbalance is expected to be between 2 to 5% 

higher for premium plus machines than standard motors [4]. Due to this, larger negative sequence 

currents are experienced by the PPEIM and thus, a larger reverse air gap torque is seen [4]. For the 

transient case, a similar pattern is seen where the PPEIM experiences a larger drop in the start-up and 

180° restart transients. This can be linked to the parameter differences between machines with the 

PPEIM having a higher permeability and more magnetic material [53]. When translating this to a 

scenario in industry, the PPEIM would experience a more difficult recovery from a voltage sag or dip 

when connected to a load. 

 

In addition, even though the voltage unbalance in these cases is relatively small, it can have large 

implications on the mechanical component of induction machines. Voltage unbalance leads to current 

unbalance which then leads to heating issues, increased losses, vibrations, acoustic noise, decrease in 

torque as well as the shortening of the life of an induction motor [54]. Figure 56 shows the variation in  

the speed of the SEIM when it is restarted under rated voltage unbalance. This example is for the 180° 

phase shift of the residual voltage with respect to the supply. 

 

It can be observed that the ripple in speed is increased in the PPEIM case as well. Figure 57 shows the 

speed variation for the PPEIM at a 180° phase shift of the residual voltage.  
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Figure 56: SEIM speed (rpm) for rated voltage unbalance at 180 degrees phase shift 

 

 

 
Figure 57: PPEIM speed (rpm) for rated voltage unbalance at 180 degrees phase shift 
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It is evident from Figures 56 and 57 that both machines experience a larger degree of ripple in speed as 

the percentage voltage unbalance increases. However, it is clear that the SEIM experiences a significantly 

larger ripple effect due to the increased voltage unbalance. The degree of ripple experienced by the SEIM 

for such a small machine can mean that, in a practical case in industry, larger machines will inevitably 

experience an even worse ripple due to voltage unbalance. It is also well known that an unbalanced 

voltage results in an extra load to utilities and an extra charge to consumers. Thus, an increase in voltage 

unbalance factor will result in an increase in the magnitude of the current unbalance and torque 

unbalance [54]. 

 

Observing the torque, it can be seen that the voltage unbalance increases the ripple for both machines. 

Depending on the extent of the unbalance, the average torque is reduced considerably. Figure 58 and 59 

illustrate the effect that an increasing voltage unbalance on a rated supply has on the SEIM and PPEIM. 

 

 
Figure 58: SEIM torque for rated voltage unbalance at 180 degrees phase shift 
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Figure 59: PPEIM torque for rated voltage unbalance at 180 degrees phase shift 

From Figure 58 and 59, it can be seen that the peaking torque is gradually reduces as the percentage 

voltage unbalance increases. This validates a statement made by [54] which states that the average 

electromechanical torque is reduced by the presence of voltage unbalance.   

 

Due to the induction machines undergoing voltage unbalance, a negative sequence current is induced 

and it, in turn, produces a backward rotating field. The interaction of the positive forward rotating field 

and the negative rotating field produces certain current harmonic components in the stator. These 

components interact with the main magnetic field and set a pulsating torque over the rotor which 

rotates with a frequency of  2f𝑠 [42]. The pulsating torque incites an oscillation also in the rotor speed, 

as can be seen in Figure 56 and 57. In the cases of severely distorted voltage supply, the induction 

machines mechanical performance is heavily affected and a derating should be applied [42]. 

 

Furthermore, it can be seen that both the PPEIM and SEIM experience increasing degrees of torque 

ripple with the 2% voltage unbalance undergoing severe levels. It is important to note that, just as was 

the case with the speed, the PPEIM experiences torque ripple at a lesser extent than the SEIM. It is known 

that PPEIMs are designed principally with reduced windage and friction losses, stray load losses and 

stator copper losses [4]. The effects of voltage unbalance are known to cause additional iron and copper 

losses, which leads to temperature increases in the machines and hence, increased torque vibrations. 

The increased losses in electrical machines are directly dependent on subharmonics and higher 

frequency components [55]. As the motor becomes more unbalanced, the stator and rotor circuits 

experience significant increases in losses which cause excessive heating [56]. With the SEIM being 

constructed with higher losses than the PPEIM, it can be understood that the SEIM will experience more 

detrimental unbalance effects as far as speed and torque vibrations are concerned. In an industrial 
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environment with larger, fully loaded machines, the SEIM would be exceedingly more susceptible to the 

stress and malfunctioning of mechanical parts due to the excessive speed and torque pulsations. 

 

When observing the rated voltage, under- and overvoltage unbalance for the two machines, the profiles 

for the torque is as follows: 

 

 
Figure 60: SEIM rated, under- & overvoltage torque comparison 

 

The torque profiles show that both the SEIM and PPEIM exhibit the highest peaking torque transients 

for overvoltage operation and the lowest transients for the undervoltage case. Since overvoltage 

unbalance is defined as the unbalance due to the positive sequence voltage being higher than the rated 

value [35], then Figure 60 and 61 validate this statement.  
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Figure 61: PPEIM rated, under- & overvoltage torque comparison 

 

During undervoltage conditions, it is important to know that there is a lower magnetisation of the core 

and hence, more line current is required to sustain the shaft power [4]. For the PPEIM in Figure 62, since 

the developed torque is proportional to the square of the voltage and the average voltage is lowered by 

10% compared to the rated voltage, the motors developed torque has dropped by 22% from the nominal 

torque. Furthermore, an increase in the voltage unbalance factor within the undervoltage condition will 

cause a further reduction in the developed torque as is shown in Figure 62. 
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Figure 62: PPEIM undervoltage torque comparison between rated, 1% and 2% unbalance 

 

A similar pattern is seen for the SEIM which undergoes undervoltage unbalance with varying degrees of 

voltage unbalance factor, as is seen in Figure 63. 
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Figure 63: SEIM undervoltage torque comparison between rated, 1% and 2% unbalance 
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6. Conclusion  

 

This study described a detailed experimental investigation that was performed in order to compare the 

effects of restarting a coasting induction machine before it comes to rest and conducting the same 

experiment in the presence of voltage unbalance. Under both balanced voltage magnitudes as well as 

the unbalanced cases, the PPEIM and SEIM behaved differently. 

 

The results show that restarting an induction motor before it comes to rest can lead to current and 

torque spikes higher than the rated values. The literature states that a possible worst-case scenario is 

achieved at the 180˚ phase shift since the largest potential difference between the constant supply and 

the residual voltage exists. The experimental analysis of the results offered a validation of the simulated 

results and this contributed towards the realisation of the effects of transient restarting of the induction 

machines. The issue of how to prevent severe damage to the mechanical component of an induction 

machine, or alternatively, the serious reduction of the supply voltage caused by an overload as the 

induction machine is restarted after a disconnect comes up repeatedly [50]. The issue is a very 

prominent one due to the fact that tests on fully loaded machines in industry reflect up to 20 times the 

normal shaft torque as a result of out-of-phase restarting of induction machines. Included in these 

studies are reports of cracked foundations, broken shafts and frequent motor trip-outs which occur as 

a result of the same cause [50]. Furthermore, it is seen that the PPEIM experiences larger current and 

torque spikes than the SEIM.  

 

With regards to the forces acting on the motors, it can be established that the high peaking currents can 

cause large rotational forces at the worst-case restart. Restarting the induction machine with a residual 

voltage that is out of phase with the supply and has experienced a minimal decay in magnitude can lead 

to very high peaking torque transients that can cause large rotational forces and vibrations [5]. 

Incidentally, it should be noted that induction machines in industry may not immediately show signs of 

distress due to the excessive torques which come as a result of out-of-phase restarting. However, due to 

repetitious restarting of the induction machines under these conditions, the damage will eventually 

show, especially for larger machines [50].  

 

While the PPEIM offers improved efficiency due to reduced core losses, it is important to note that the 

PPEIM, under these restart conditions, is more susceptible to the detrimental effects of out-of-phase 

restarting. The results above aid to better investigate the trade-off between the: 

1) phase relationships of the supply and residual voltage;  

2) the magnitude of the residual voltage and  

3) the stator impedance of the machine 

 

It has been seen that at the point of disconnect, the SEIM had a higher residual voltage magnitude than 

the PPEIM based on the lower permeability and, therefore, a lower retentivity and higher instantaneous 

residual flux. The SEIM, however, has been seen to decay at a faster rate than the PPEIM. Thus, the phase 

relationship between the constant supply and the residual voltage of the SEIM changes faster than that 

of the PPEIM. Included in this is the fact that the PPEIM has a higher inertia and therefore its speed and, 

as a result, its residual voltage declines at a slower rate.  

 

Due to this, the PPEIM ends up with a larger residual voltage at the worst-case scenario of 180° phase 

shift. The difference in magnitude between of the residual voltage between the PPEIM and SEIM at the 
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worst-case scenario is not that significant to justify the large difference in peaking torques between the 

machines. It would be safe to confirm that the potential difference between the supply and the residual 

voltage for both machines is a factor that cannot be looked at in isolation. It is for this reason that the 

stator impedance of the PPEIM can thus be established as a dominating factor in determining the 

difference in the outcome of the results seen in earlier chapters. 

 

With respect to voltage unbalance, it can be concluded that both machines experience lower torque 

spikes for all the start-up and restart conditions under voltage unbalance compared to the balanced 

rated voltage restart. This is expected since the results from [57] show that an induction machine under 

a three-phase balanced condition has a larger peak starting transient torque than one which is under 

voltage unbalance. The unbalanced voltages cause the line currents to be unbalanced up to 10 times the 

voltage unbalance and, as a result, an induction motor connected to a generator or unbalanced grid can 

exacerbate the system unbalance [36]. Several papers include the thermal effects of the unbalance 

operation on induction machines. However, in this study, the thermal results were not experimentally 

attained as the main focus was on transient restarting of the induction machines.  

 

The overall effect of the system unbalance is reduced efficiency as well as a reduction in the lifespan of 

the machine. There are some significant power quality issues that are prevalent with the PPEIMs. The 

PPEIM is more susceptible to unbalance effects due to a larger negative sequence air gap torque being 

developed during the transient periods. In industry applications, the unbalanced currents would cause 

unbalanced voltage drops over the line impedances and thus, worsen the voltage unbalance at the 

terminals of induction machines [36]. While it can be confirmed that the average torque does experience 

a reduction in the average peaking torque with increasing unbalance, it can be seen that the differences 

between the magnitudes are not significantly high. Figures 49, 50, 52 and 53 highlight this observation. 

 

From the above findings, it is evident that there some other significant differences in the way that 

standard and energy efficient induction machines respond to abnormal voltage conditions. It can be 

concluded that the SEIM does not experience as large a reduction in the developed torque when 

considering the effect of an increasing voltage unbalance factor compared to the PPEIM. On the other 

hand, it can also be noted that the PPEIM is less tolerant to the excessive amount of torque and speed 

ripple than the SEIM. For the exact same amount of increasing voltage unbalance factor (from 0% to 

2%) applied on both machines, the SEIM experienced a significantly greater amount of ripple in its 

mechanical characteristics compared to the PPEIM.  

 

As the unbalance in the voltage source can cause excessive losses, heating, vibration and torque 

pulsations, its detection is very important. As a result, the efficiency and average output torque would 

decrease and the ripple would increase enough to destroy the mechanical component of an induction 

motor, according to [54]. Based on the findings herein, it can be affirmed that under voltage unbalance 

the industrial induction machine stands to experience a deteriorated performance. When a machine 

experiences a high degree of voltage unbalance, a derating of the machine is required in order to prevent 

the performance of the machine being heavily affected. The derating of the machine is strongly 

dependent on the harmonic content of the voltage waveform in both magnitude and order [42]. 
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7. Recommendations 
 

Based on the conclusion drawn, the analysis above shows that the magnitudes of torque and current 

peaks due to out-of-phase reclosing can be associated with the frequency and residual flux trapped in 

the air gap after disconnect. The comparison study between the PPEIM and SEIM show that the PPEIM 

is more susceptible to the effects of out-of-phase restarting, including the case when the supply is under 

voltage unbalance conditions. The following recommendations are made: 

 

• A residual voltage phase detector should be developed in order to detect and avoid the event of 

out-of-phase reclosing. Coupled with this should be the development of an automatic 

mechanism to reclose the contactor when a minimum phase difference is detected. 

 

• When conducting further research, the induction machine connected in a wye connection should 

be run at the rated value of 690V line-to-line so that a more precise representation of the current 

and torque transient magnitudes can be obtained.  

 

• Further research should involve the building and implementation of a dynamic (DQ) model in 

order to better simulate the current and torque transients.  

 

• Suggestions can be made to premium efficiency motor manufacturers to design the stators to 

have a higher resistance so as to minimise the current and torque transients experienced for 

these types of machines. 

 

• For this study, only two types of induction machines were taken into consideration and these 

were the PPEIM and SEIM, both having the size of 7.5 kW. Additional, larger machines (such as 

a 15 kW rating) should have been tested in order to get a more representative sample of the 

application in industry. This would lead to a more comparative study as the degree of severity 

of the peak current and torque transients at out-of-phase reclosing would have been observed 

as the sizes of machines got larger. 

 

• The start-up and restart tests should be run under loaded conditions. Furthermore, a change in 

the load should be tested to see which motor, between the premium plus and standard efficiency 

machine, would be more susceptible to the resulting transient current and torque spikes. This 

same exercise should be conducted for voltage unbalance. 

 

• The magnitudes of the transient current and torque spikes are dependent on the magnitude of 

the residual voltage. To better illustrate this, the transient analysis of a simple resistor-inductor 

(RL) circuit should be implemented and compared to experimental results. Modelling the RL 

circuit with an ideal switch and a single AC source, a similar set-up to the per-phase equivalent 

circuit of an induction machine can be achieved.  

 

 

• A method of limiting the transient current and torque transients should involve testing with the 

use of relays (automatic transfers). The following recommendations should be made when it 

comes to applying relays at reclosing [50]: 
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o Motor undervoltage protection must be a time delay type  

o Motor undervoltage relays must have lower drop-out voltage and longer time at zero 

volts than undervoltage relays initiating transfers 

o To ensure co-ordination, the transfer initiating undervoltage relay, motor undervoltage 

relays and residual voltage relay should all be connected across the same phase 

 

• Another solution would be to measure the relative voltage between the supply and the residual 

voltage in order to prevent reclosing depending on the magnitude of the relative voltage. This 

will allow for reclosing within certain periods when the phase angle difference and the residual 

voltage is below a determined value [12]. 

 

• A fully digital power supply should be utilised to apply voltage unbalance more effectively. The 

variacs used in the current power supply did not serve to offer accurate variations in voltage 

across the different phases. The power supply should also be able to reach the 690 V rated line-

to-line voltage for a wye-connected induction machine. This will give a fully representative value 

for the peak current and torque transients that occur. 

 

• A comprehensive study was done on the transient torque and current when restarting the 

standard and energy efficient induction machines under voltage unbalance. However, a more 

detailed investigation should have been conducted by taking the motor efficiency and power 

factor into account.  

 

• Voltage unbalance will typically lead to an increase in temperature and, as a result, shorten the 

lifespan of the motor [35]. The article by Lee [35] states that a given value of the voltage 

unbalance factor may correspond to at least eight voltage unbalance cases yielding different 

temperature rises. To ensure reliability and a safe operation of the induction motor undergoing 

voltage unbalance, it is important to derate the machine. Furthermore, the derating curve and 

the temperature rise curve should take the positive sequence voltage into account to achieve 

this end. Another article [58] states that as per NEMA guidelines, operating a motor for any 

length of time at a voltage unbalance greater than 5% is not recommended. The temperature 

would rise very quickly to a point where protection from damage would be impractical. A 

protection method according to the NEMA standard would be reduce the motors output load in 

order for it to tolerate the extra heating casued by the unbalance [58]. 

 

• For this study, only the unbalance in the voltage magnitude was considered. A broader study 

should involve unbalance in the voltage phase, magnitude and a combination of both 

parameters. According to [54], a certain degree of torque pulsation can be expected and can be 

compared to the case when voltage and phase unbalance are considered.
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9. Appendix 

9.1 MATLAB code used to extract peak torque values  
 

Vab=StatorV_ab; %stator phase to phase voltage called from workspace 

Vbc=StatorV_bc; %stator phase to phase voltage called from workspace 

Vca=StatorV_ca *(-1); %stator phase to phase voltage called from 

workspace 

  

%Supply phase to phase voltages 

Supply_Vab=Grid_V_AB; %corresponds to U3 and U6 

Supply_Vbc=Grid_V_BC; 

Supply_Vca=Grid_V_CA *(-1); %corresponds to U1 and U4 

  

%line currents called from workspace (equal to phase currents since star 

connected) 

Ia=LineCurrent_Ia;  

Ib=LineCurrent_Ib; 

Ic=LineCurrent_Ic; 

  

Torque=torque; 

Speed=speed; 

%Stator transformations%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

Va=(2/3)*Vab + (1/3)*Vbc; 

Vb=(2/3)*Vbc + (1/3)*Vca; 

Vc=(2/3)*Vca + (1/3)*Vab; 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  

  

%Supply transformations%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

Va_supp=(2/3)*Supply_Vab + (1/3)*Supply_Vbc; 

Vb_supp=(2/3)*Supply_Vbc + (1/3)*Supply_Vca; 

Vc_supp=(2/3)*Supply_Vca + (1/3)*Supply_Vab; 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  

% time frame portion of code 

%Fs = 50; % Sampling frequency    

Ts = 0.624; % Sample time 

N = length(StatorV_ab); % Length of signal 

Tmax=(N-1)*Ts; %max point in time 

t=0:Ts:Tmax; %time span of signal 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Base Values% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%SEIM 

Voltage=318; 

Current=12.13; 
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Torque_SEIM=49.3; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%PPEIM 

Voltage1=318.43; 

Current1=11.3; 

Torque1=49.3; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

Va_supp_final=smooth(Va_supp/Voltage1); 

Vb_supp_final=smooth(Vb_supp/Voltage1); 

Vc_supp_final=smooth(Vc_supp/Voltage1); 

  

Va_final=smooth(Va/Voltage1); 

Vb_final=smooth(Vb/Voltage1); 

Vc_final=smooth(Vc/Voltage1); 

  

Ia_final=smooth(Ia/Current1); 

Ib_final=smooth(Ib/Current1); 

Ic_final=smooth(Ic/Current1); 

  

torque_final=smooth(Torque/Torque1); 

  

Potential_Diff_A=Va_supp_final-Va_final; 

Potential_Diff_B=Vb_supp_final-Vb_final; 

Potential_Diff_C=Vc_supp_final-Vc_final; 

  

figure % create new figure 

plot(t,torque_final) 

  

xlabel('Time(ms)');  

ylabel('Torque PU'); 

%legend('Supply V','Phase A Stator V','Potential Difference') 

title ('Rated Voltage 180 degree Restart') 

grid on 
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9.2 Start-up experimental results 

9.2.1 Per-phase currents 

 
Figure 64: Rated phase A start-up current 

 

 
Figure 65: Rated phase B start-up current 
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Figure 66: Rated phase C start-up current 

9.2.2 Torque 

 
Figure 67: Rated start-up torque 
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9.3 Restarting experimental results 

9.3.1 0˚ phase shift 

i. Residual voltage 

 
Figure 68: Phase A residual voltage - 0 degrees phase shift 

 

 
Figure 69: Phase B residual voltage - 0 degrees phase shift 
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Figure 70: Phase C residual voltage - 0 degrees phase shift 

 

ii. Current 

 
Figure 71: Phase A stator current - 0 degrees phase shift 
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Figure 72: Phase B stator current - 0 degrees phase shift  

 

 
Figure 73: Phase C stator current - 0 degrees phase shift 
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iii. Torque 

 
Figure 74: Torque - 0 degrees phase shift 
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9.3.2 90˚ phase shift 

i. Residual voltage 

 
Figure 75: Phase A residual voltage - 90 degrees phase shift 

 
Figure 76: Phase B residual voltage - 90 degrees phase shift 
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Figure 77: Phase C residual voltage - 90 degrees phase shift 

ii. Current 

 
Figure 78: Phase A stator current - 90 degrees phase shift 
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Figure 79: Phase B stator current - 90 degrees phase shift 

 
Figure 80: Phase C stator current - 90 degrees phase shift 
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iii. Torque 

 
Figure 81: Torque - 90 degrees phase shift 

9.3.3 180˚ phase shift 

i. Residual voltage 

 
Figure 82: Phase A residual voltage - 180 degrees phase shift 
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Figure 83: Phase B residual voltage - 180 degrees phase shift 

 

 
Figure 84: Phase C residual voltage - 180 degrees phase shift 
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ii. Current 

 
Figure 85: Phase A stator current - 180 degrees phase shift 

 

 
Figure 86: Phase B stator current - 180 degrees phase shift 
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Figure 87: Phase C stator current - 180 degrees phase shift 

 

iii. Torque 

 
Figure 88: Torque - 180 degrees phase shift 
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