UNIT-IV
TESTING
Objectives:
· To familiarize students with the need for testing the induction machine.
· To impart the knowledge of various tests to be conducted on three phase induction motors
· To make them understand the importance of circle diagram

Micro syllabus: Circle diagram for a series circuit-No load and blocked rotor tests-determination of equivalent circuit elements-construction of circle diagram-numerical problems on circle diagram
Outcomes: 
Students will be able to
· Demonstrate no load and blocked rotor test.
· Construct the circle diagram thereby determine the equivalent circuit parameters. 

Testing of Induction Motor:

Efficiency of an induction motor can be determined by directly loading the motor and by measuring its input and output power. Small motors can be conveniently tested by this direct method. For motors if high ratings, however it may be difficult to arrange loads for the motor in the testing laboratory.
	Even if load is arranged there will be heavy power loss in the testing process. In order to avoid the wastage of power indirect methods are used for determining the efficiency. In an indirect method of determining efficiency, the various losses of the motor are determined. For determining the various losses in an induction motor, two tests, similar to those conducted on transformer are performed on the motor, they are
a) No-Load Test
b) Blocked –Rotor Test

a)No-Load Test

In this test, without connecting any load on the motor shaft full voltage is applied across the winding terminals. Since the output of the motor at no-load is zero, the whole of the input power is wasted as various losses. At no-load, the speed of the rotor is very nearly equal to synchronous speed. The EMF induced in the rotor and the rotor current is negligibly small. The rotor can, therefore, be approximately considered as an open circuit. No-Load test of an induction motor is therefore similar to no-load test on a transformer. The losses at no-load are : 
a) I2R losses in the stator winding 
b) Core losses in the stator and rotor
c) Friction and Windage losses

No-Load current drawn by an induction motor is much higher than that of a transformer and therefore cannot be assumed as negligible. From the total input at no-load, the I2R loss in the stator winding can be subtracted to get core loss plus friction and windage losses. These losses at no-load are nearly the same as would occur under full load condition. This is because core loss depends on applied voltage where as friction and windage losses depend upon speed of rotation of rotor. Applied voltage is assumed to be constant and variation of speed of induction motor from no-load to full –load is negligible small.

Connection diagram for no-load test on Induction Motor is shown in the figure.4.1
[image: ]
Fig. 4.1. No-load test on an induction motor
The sum of watt meter readings gives the no-load power input to the motor subtracting the stator I2R loss from the input power we get the core loss plus the frictional windage loss.

b) Blocked-Rotor Test
In this test the rotor of the motor is blocked i.e., the rotor is not allowed to rotate. Low voltage is applied across the stator terminals through a 3-phase auto transformer. Voltage is gradually increased to a value so that full rated current flows through the windings. Since the rotor circuit is closed and is not rotating, this test is similar to short-circuit test on a transformer. The voltage needed to circulate the full-load current under blocked rotor condition is very low. The power input to the stator is mainly wasted as I2R loss in the stator and the rotor windings. The core loss at reduced voltage can be neglected. The circuit diagram for blocked rotor test is shown in the figure  4.2.
[image: ]
Fig. 4.2. Blocked-rotor test on an induction motor

The sum of the two wattmeter readings gives the total input power, since full load current is allowed to flow through the stator and rotor windings, the input power can be considered approximately equal to full-load I2R losses. From the input power it is possible to calculate equivalent resistance of the motor referred to the stator side. By knowing the value if this resistance, we can calculate the value of I2R loss at no-load, as mentioned earlier if we subtract I2R loss at no-load from the no-load power input of no-load test we get the constant losses of an induction motor. From the data of the no-load and blocked rotor test it is possible to calculate the efficiency of the induction motor.
Determination of circuit elements of the Equivalent circuit:
 The various elements of the equivalent circuit can be determined from the readings of  two tests conducted on the induction motor namely 
a) No-Load test 
b) Blocked-Rotor test

When the motor is running on no-load it has to develop only a small fraction of  the full-load torque in order to overcome friction,  windage and iron losses in addition to the small amount of I2R loss in the stator winding. The slip at no-load is very small and therefore the quantity
 R2*(1-S)/S  of the equivalent circuit is very high. The rotor circuit can therefore we assumed to carry negligible current. The rotor for practical purpose may be considered as an open circuit and equivalent circuit of the motor at no-load will be shown in the figure.4.3.
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Fig 4.3. Equivalent circuit of an induction motor at no load
Input power at no-load W0 is spent as friction and windage loss WW&F, core loss in the stator is Wi and I2R loss in the stator winding is Wc, due to no-load current I0. 
Therefore,                      	W0=WW&F+Wi+Wc.
If a number of readings of W0 at no-load are taken at different stator applied voltage and W0 is plotted the applied voltage, V, we will get a characteristic as shown in the figure.4.4. If we extend the curve of W0 to the left, it cuts the vertical axis at A.
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Fig.4.4. Separation of iron, friction and windage loss of an induction motor.
	OA represents the losses due to friction and windage since this is the loss which would occur if the applied voltage was zero, i.e., if there were no iron loss and I2R loss in the windings. If we know the stator resistance, I2R loss at no-load at different applied voltages can be calculated and plotted as shown by the curve Wcu. If no-load I2R loss is subtracted from the curve of W0, we will get the core loss, also called iron loss Wi of the motor. Thus, the various components of the no load loss are separated out, if V1, Io, and pf are respectively the stator applied voltage per phase, no load stator current per phase and no load power factor. Then,
			V1I0cosφ0 = W0
			Cos φ0 = W0/(V0I0)
I0 divides itself into two components mainly Ic and Im as shown in figure.4.3. Ic is in phase with V1 and Im is lagging V1 by 90o. 
			Ic=I0sinφ0
				Im=I0cosφ0
The values of Rm and Xm can be calculated as
				Rm=V1/Ic
				Xm=V1/Im
In the above calculations, voltage drop in the stator winding has been neglected. 
Blocked rotor test on an induction motor is analogous to SC test on transformer. Under blocked rotor condition , the rotor is at rest, and therefore, the slip is unity. The rotor resistance R2’/(1-S)/S is zero. Thus the equivalent circuit of blocked rotor condition will be as shown in the fig.4.5.
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Fig.4.5. Equivalent circuit of an induction motor under Blocked rotor condition
	In an induction motor,  if full voltage is applied across the stator terminals with the rotor not allowed to rotate, about 6 to 8 times its full load current will flow in the circuit. This is why blocked rotor test is conducted at a reduced voltage Vs such that current, Is equal to only the full load current flow through the circuit. The applied voltage Vs under blocked rotor condition is therefore, about 1/6th to 1/8th to the normal voltage. At this reduced voltage , the current I0s   flowing through the parallel branch is very small, and can be neglected. As shown in the figure 4.5., Re’ and Xe’ are stationary resistance and reactance in series connected across the applied voltage Vs. If Ws is the per phase input power under rotor condition, Is is the current and cosφs is the power factor. Then
				VsIscosφs= Ws
The impedance 
				Ze′=Vs/Is
				Re′=Ze′ cosφs 
and
	  		Xe′=Ze′ sinφs
R1 can be measured by ammeter-voltmeter method by applying dc to the stator winding . To get ac resistance at 50Hz, the value of R1 so obtained is to be multiplied by a factor say, 1.5. Thus R1 and R2′ from Re′ can be separated as 
				R2′=Re′-R1
There is no simple way of separating  X1 and X2′ from Xe′ except arbitrarily. X1 may be taken equal to X2′ so that 
				X1=X2′= Xe′/2
Thus the equivalent circuit elements as envisaged in figure of equivalent circuit are found out. As mentioned earlier all calculations regarding the performance of an induction motor can be done using the equivalent circuit with some approximations. 
CIRCLE DIAGRAM OF AN INDUCTION MOTOR:
Although it is possible to compute the operating characteristics of an induction motor by using the equivalent circuit, it is simpler and more convenient to use a circle diagram for this purpose. If we neglect the parallel branch of the equivalent circuit of an induction motor, it reduces into a simple series circuit having a constant voltage supply. The locus of current drawn by an induction motor is referred to as a circle diagram. The circle diagram can be drawn by using no-load and blocked rotor test data. From the circle diagram it is possible to obtain graphically a considerable range of information like full-load current and power factor, maximum power output, pull-out torque, full-load efficiency, etc.

Locus of Current Drawn by an Induction Motor:
The locus of current in a series circuit with a constant reactance and a variable resistance connected across a fixed voltage is a circle. This can be seen in fig. From Fig.4.6.
				 =  = 
I=(V/X) is the equation of a circle in polar form. If the values of I for different values of R are represented, the locus of current phasors will be on a semicircle as shown in Fig.4.6(b). When the value of R is zero, =1, i.e.,  900 and I=(V/X). The magnitude of current I is maximum and it lags the voltage by 900. The position of current vector is shown as OA in the figure. When the value of R is infinitely large, the value of is zero and hence current I is also infinitely small which is represented by point O in the figure. Thus the two extreme points, i.e., O and A of the current locus are determined. Now, assume that R=X. Then =  , i.e., φ=450 . The magnitude of current I=(V/X) is lagging V by 450 which is represented by vector OB. If the variable values of I are shown vectorially, the locus of the tip of the vectors will lie on a semicircle as shown.
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Fig4.6(a) A variable resistance in series with a fixed value reactance connected across a supply voltage (b) the impedance triangle; (c) the locus of current in the series circuit as resistance is varied from zero to infinity
The approximate equivalent circuit of the induction motor is redrawn as shown in the fig.4.7.
The fixed resistance Re′ and the variable resistance RL′ can together be considered as a variable resistance. Thus, across the terminals AB we have a fixed reactance Xe′ and a variable resistance Re′+ RL′ connected across a fixed voltage V1. 
[image: ]
Fig.4.7. Approximate equivalent circuit of an induction motor.
The locus of current I2′ will, therefore, be a semicircle, The diameter of the semicircle representing the maximum value of current I2′ will be  as shown in the figure.4.8. It may be remembered that I2′ is the rotor current referred to the stator. 
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Fig.4.8. Locus of current drawn by an induction motor.
I0 is the no load current and I1 is the stator current. The vector sum of I2′ and I0 is I1.The no load current I0  is shown laggingV1 by a large angle as the no-load power factor is low. If Rm and Xm are assumed to be constant, then both I0 and 0 will be constant. Then the locus of current I1 will also lie on a semicircle shown as ADB.
CONSTRUCTION OF CIRCLE DIAGRAM:
To construct the circle diagram three tests are to be performed, namely
 (a) no-load test
(b) blocked-rotor test and 
(c) stator resistance test. 
From no-load test I0 is known and φ0 is found out as (taking all quantities on per phase values).
				V1I00= W0 
Or 				φ0 = 
By choosing a proper current scale, I0 can be drawn as OC shown in fig.4.9. with V1 as vertical reference axis.
[image: ]
Fig4.9. Circle diagram of an induction motor.
From blocked rotor test, I2′ is known. Convert this I2′ at normal voltage level as:
I2′ (at normal voltage)= I2′ 
Power factor under blocked rotor condition with all quantities on per phase values is given as:
			s = 
With the same current scale I2′ corresponding to normal voltage can be drawn at an angle  with the vertical axis shown by the vector CD. Thus OD represents the total current drawn by the stator. The locus of the current I1 will pass through the two extreme points, namely through C at no-load and through D which corresponds to blocked-rotor condition. The centre of semicircle may be found out thus: draw a perpendicular bisector from the line CD. This will cut the horizontal line CB drawn from C at the point Q. With Q as centre and QC as radius draw a semicircle CDB. Draw also a horizontal line OO′, parallel to the line CB. Draw perpendicular lines from the points C and D on the horizontal line as CL and DM. DM cuts the horizontal line CB at N such that NM=CL. As applied voltage V1 is shown as vertical line, CL which is equal to I0 is proportional to the no-load input. Thus the length CL can be equated to the no-load input power W0 which supplies core-loss, friction and windage loss and a small amount of I2R loss.
The power scale can be determined by considering the vertical distance CL in cm as equal to W0 . The power scale is calculated thus
		Power scale: 1 cm=W0 /(CL in cm)
	For better accuracy power scale should be calculated considering length DM as equivalent to the input under blocked rotor condition.
	The vertical distance DM represents the input power under blocked rotor condition with rated voltage applied across the stator. Distance NM has been assumed to be equal to CL representing core-loss and friction and windage losses. This is an approximation as under blocked rotor condition, there is no friction and windage loss. The remaining part, DN of the input at blocked rotor condition is wasted as I2R loss in the stator and rotor, the output under blocked rotor condition being zero. If we assume, for the time being, stator I2R-loss as equal to rotor I2R-loss, then we may divide the line DN at R. NR represents the stator I2R-loss and RD which is equal to the rotor input is wasted as I2R-loss in the rotor.
The line CD represents the output line. The vertical distance above this line up to the periphery of the circle expressed in power scale will represent the output power. The line CR separating the stator and rotor I2R-loss is the torque line. Vertical distance above this line up to the periphery of the circle is the developed torque. We have assumed stator and rotor I2R-loss to be equal and divided the line DN at R. The exact position of the point R can be located as follows:
			Stator Cu-loss = 3 R1
			Rotor I2R-loss = Ws-3 R1


Therefore, for squirrel-cage motors,
				 =  
For slip ring motors, resistances R1 and R2 can be determined and the ratio 
				 =  =  
	From the circle diagram as drawn in fig.4.9. we can calculate the various quantities which will illustrate the performance of the motor at any particular load. Let us redraw the circle diagram of fig.4.9. And let us assume that the motor is taking a current represented by OP in Fig.4.10.
	The perpendicular line PG represents power input. GH represents fixed losses. HK and KJ represents respectively the stator and rotor I2R loss. JP represents output power and KP represents output torque.
	To determine the maximum power developed by the motor, draw a line parallel to the output line tangent to the circle at point S. Draw a vertical line ST from the point S to the output line. The length ST represents the maximum output.

[image: ]
Fig.4.10.Method of construction of circle diagram of an induction motor
	Similarly, to determine maximum torque developed by the motor, draw a line parallel to the torque line tangent to the circle at point X. Draw a vertical line XY from the point X to the torque line. The length XY represents the maximum torque.
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