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2. 

ABSTRACT  

This thesis deals with the measurement of core loss in a 

loaded transformer at different loading conditions. 	This is in 

contrast to the measurement of core loss of a power transformer by 

open circuit test. The object of this work is to investigate the 

dependence of core loss on load power factor and from the results 

obtained it is shown that this loss is more sensitive to leading 

than to lagging reactive loads. 

The approach is made towards direct measurement of the 

loss by the extraction of the excitation component of current from 

the input and output currents of the loaded transformer rather than 

by computation from input and output powers. 

A survey of possible methods of extraction of the excit-

ation current has been carried out and a comparison is made with 

the method developed. The errors and the limitations of each method 

have also been studied. The measurement of core loss at different 

load angles in a generator transformer designed to operate at high 

flux density is made by dynamometer wattmeter from the extracted 

excitation current and compared with measurement made with a 

modified electronic wattmeter using its multiplication characteristics. 

A three-phase wattmeter based on Hall effect multipliers has been 

designed to measure the core loss from a signal proportional to 

excitation current obtained by the method developed. Record of 

the instantaneous power as a periodic function of time and of the 

cyclic variation of flux linkage with current was obtained. Both 

showed perceptible variation with load power factor. 

A novel technique for the synthetic full load testing of 

a three-winding transformer has been investigated. A practical 

method for measuring the core and copper losses of such a trans-

former at different loading conditions is discussed and tested. 

The rated voltage is impressed on one winding and the rated current 

is circulated in the other two windings without requiring sources 

of the rated power in this method of testing. 
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9. 
CHAPTER ONE  

INTRODUCTION 

1.1 	GENERAL 

Rising material costs have changed significantly the old 

concept of the design superiority of a transformer based on efficiency 

and designers are now compelled to think of designs such as can give, 

e.g. optimum output to weight ratio, as in applications such as 

generator transformers or power transformers close to the generating 

.station where the annual cost of energy losses is comparable with the 

interest on the capital involved in improving the efficiency beyond a 

certain limit. This change of emphasis leads to designs which run 

the core well into saturation and use winding conductors at high 

current density. While extensive research is being carried out into 

better but equally economical materials, new techniques are also 

being developed for better utilization of existing ones. 

One outcome of this research is new methods of core 

construction providing ducts in the core parallel to the laminations 

for better transfer of generated heat1.1'1.2 to the cooling medium 

and modification in the flow paths of the latter. The use of sulphur 

hexafluoride instead of mineral oil as a cooling medium due to its 

comparable insulation characteristic at pressures above atmospheric 

pressure is a new innovation in this field. The better understanding 

of the flux distribution around joints, especially around the middle 

limb joint1.3  and of the effect of the joint angle on the flux 

distribution have initiated the change in the joint angle. Similar 

investigations have paved the way for the introduction of electrostatic 

shielding rings around end windings for better distribution of 
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electric field stress
1.4

. The degree of control over annealing of 

laminations after slitting and cutting and the replacement of 

insulated clamping bolts for limb laminations by glass fibre 

binding straps giving adequate and uniform pressure over the entire 

limb and also the elimination of the risk of core bolt failure1.5 

are some of the other new techniques being adopted by transformer 

manufacturers. 

The size of generators increases with every new "generation" 

of stations. This is partly due to the economic fact that at higher 

ratings the cost is not a linear function of the output, and partly 

due to the turbine size, which is increasing with that of the boilers 

of nuclear power stations. The concept of fewer but larger power 

houses has also affected the size of these equipments and the 

research carried out in the field of slotless generators1.6 has 

provided an opportunity to see these machines in the GW range in the 

near future. There is every prospect that the transformer being an 

integral part of the station will also increase in size, and to keep 

the physical dimensions minimum, the operating flux densities will 

also increase to the optimum limits. 

1.2 	NATURE OF THE PROBLEM 

Recently, some three-phase, three-limb core type generator 

transformers designed to operate at a peak flux density of 1.8 T and 

rated at around 500 MVA have been installed at certain CEGB stations1.7. 

Some complaints of overheating have been registered in these units. 

There is a possibility of high core temperatures occurring under 

operating conditions when the system is exciting the generator with 
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MVAr, e.g. during the night when the system presents a capacitive 

load to the generator and transformer
1.8. Under these conditions, 

if the generator terminal voltage is kept constant and the trans-

former output voltage is matched with the system by tap changer 

adjustment, a high voltage per turn condition exists in the high 

voltage winding and the transformer core experiences a high flux 

density. In the later installations the peak nominal flux density 

of the transformer has been reduced to 1.7 T to protect against 

damage due to core overheating. 

Since most generator and power transformers undergo a 

considerable change of load factor and load power factor during 

each day's cycle of operation, it was considered useful to study 

the variation of core loss with the change in•the load power factor, 

especially when leading. The possible introduction of generators 

with doubly wound rotors which could ultimately eliminate 

synchronous condensers from the system implies that the transformer 

in such a system, especially generator transformers, may well have 

to handle power factors as low as 0.2 leading. 

The measurement of core loss of a transformer connected to 

such a system leads to a number of problems, the basic one being to 

handle a very large power flow when the transformer is loaded and 

the measurement of core loss is required under such conditions. 

Secondly, no standard technique is available for simulating such 

behaviour of a transformer operating at leading power factor in a 

manufacturer's test rig. 
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1.3 	PREVIOUS WORK ON THE PROBIEM 

Most of the work done in the measurement of power loss in 

magnetic materials is either based on the measurement of power loss 

in a single lamination
1.9-1.13 or for a batch of laminations 

Although these works contributed towards a better understanding of 

the subject, due to very complex behaviour of magnetic materials and 

the dependence of their losses on so many factors, the research is 

far from complete. 

With the increase in the operating flux density, loss 

measurement problems arise due to flux waveform distortion. To 

investigate the behaviour under such conditions much work has been 

done in the past but limited to the sample laminations only and no 

- real attempt has been made on actual core. Tf, however, the 

investigations are made on an actual core, the flux waveform is 

always assumed as sinusoidal and pure. The investigation of the 

power loss in a sample lamination or a batch of them at higher flux 

densities has been done both on the basis of distorted waveform 
 

and by its reduction to a sinewave using feedback. If a sinusoidal 

voltage is applied to an excitation circuit having resistance and 

leakage reactance, this will give rise to a distorted flux and hence 
• 

induced voltage. Therefore, if a similarly distorted voltage is 

applied to the circuit, the induced voltage will be sinusoidal. 

This is the basic principle used to produce a sinusoidal flux for 

iron loss at high flux density by controlling the flux waveform 

above a certain limit when it does not remain pure. This was 

achieved by MacFarlane and Harris '7  through feedback control while 

Cocks and N.-Nagy1.18 made use of a harmonic generator to inject the 

necessary harmonics into the sinusoidal input voltage waveform to 
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distort it such that the induced voltage waveform and hence the 

flux waveform became sinusoidal. 

In an assembled core, there are certain factors which depend 

on the material characteristics and can thus easily be understood by a 

knowledge of the material's behaviour when it is subjected to 

varying magnetic fields of high intensity and usually the 

manufacturer's data give ample information in this respect. There 

are, however, certain factors which belong to the built up core and 

their effects are not measureable when a single lamination is 

tested. It is a well known fact that in the case of an eddy current 

loss, the calculated and measured values differ significantly. 

Similarly, the power loss in an assembled core is considerably higher 

than the computed value based on measurements made on a sample of the 

material from which the core is fabricated. Past experimental work 

on this has checked the redistribution of flux in the different parts 

of the core with changing loading conditions, by employing search 

coils
1.19

. Since cores were not subjected to such limiting flux 

density as at present, the investigation was not applicable to the 

present situation. 

With the advances in computation techniques, much work has 

been carried out on the analysis of the leakage flux of the trans-

former and of the losses due to eddy currents produced by this 

1.00-1 22 
flux - 	. Since a major part of this leakage flux has its 

 
direction transverse to the lamination plane, it can cause severe 

local loss and core heating, even production of the hot spot. 

Extensive work has been done to predict quantitatively these losses 

on a theoretical basis
1.23-1.25. 

 A recent paper
1.26 

 describes an 
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attempt to investigate the loss due to this flux experimentally by 

the development of a special rig suitable to accommodate a large 

size core member to be subjected to a flux at right angles to the 

lamination plane, thus simulating the condition of leakage flux near 

the vertical edges of the transformer core where the possibility of 

the occurrence of hot spot is maximum. This rig, however, does not 

simulate the conditions the transformer experiences with varying load 

power factor. 

While numerical methods are an excellent tool for design 

improvement and take into account a number of variables, there has 

still been no method by which the actual core loss could be measured 

while the transformer is in actual operation. Owing to the measure-

ment difficulties, the only method employed so far on full size 

- transformers is the measurement of core temperatures, which is done 

by embedded thermo—junctions. These temperature measurements can 

give a fair approximation of core loss by the initial rate of 

temperature rise, but cannot be related directly to actual core loss 

under steady state operation as there may be other factors which 

could change the overall temperature of the transformer including 

that of the core. 

Swampillai1.27  measured the local loss in a simple core 

structure using a Hal] probe to establish the Poynting Vector, a 

method proposed by .Allen1.28. Measurement of the d.c. output by 

galvanometer led to problems and errors were introduced into the 

field strength measurements due to its dependence on the relative 

position of the Hall probe. A later attempt improved the accuracy 

Third year undergraduate project by J.C. Steed, 1974, 
Department of Electrical Engineering, Imperial College 
of Science and Technology, London. 
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of the method by amplifying the field strength signals prior to 

their multiplication through an integrated multiplier. 

Ali1'29  tried to measure the instantaneous core loss of 

the three-phase, three-limb transformer used in this work by the 

method described in Section 4.6.1. Due to inherent errors in the 

use of current transformers, the results could not be related as 

functions of load power factor due to their inconsistency. 

1.4 	&MIRY OF THE PRESENT WORK 

The present work was initially based on 1.29, to investigate 

whether improvements can be made in the method which, owing to its 

flexibility, can be adapted to any type or rating of transformer 

without affecting its operational parameters. This was attempted 

first by using a better accuracy class of current transformers but 

without any significant improvement in the results. A thorough 

investigation reveals that as far as the magnitude of the extracted 

excitation current is concerned, it is within the limits of 

acceptability, but its phase relation affects the measurements 

significantly and thus the conventional "generation" of current 

transformers cannot be used for this purpose. 

Investigation is done on the other possible methods for 

extraction of the excitation current from a loaded transformer and 

.a method, with practically no magnitude error in the extracted 

signal corresponding to the excitation current and without any phase 

ghift, is developed. This signal is processed through an electronic 

wattmeter to give an output proportional to the transformer core 

loss and also through a three-channel wattmeter using Hall effect 



16. 

multipliers which have been developed and tested especially for 

the purpose. 

An attempt is made to develop a synthetic method of 

simulating the full load conditions in a transformer without transfer 

of rated power and thus to measure the copper and core losses at 

varying load power factor. The test performed on a three—phase 

transformer does show the dependence of core loss on load power 

factor, but the results do not agree closely with those obtained 

from actual load test. The same test is also performed on a 

"micro transformer"
1.30 

having the per unit leakage reactance 

characteristics of a generator transformer (0.09 p.u.) and the 

results show a very close agreement with those obtained from actual 

load test, thus proving its suitability as a development test and 

- of the core loss measurement method in type tests in the manufacture 

of power transformers. 
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CHAPTER TWO 

MEASUREMENT OF IRON LOSS BY OPEN CIRCUIT TEST IN A  
HIGHLY FLUXED THREE-PHASE THREE-LIMB CORE-TYPE TRANSFORMER 

	

2.1 	POWER MEASUREMENT IN A POLYPHASE SYSTEM  

According to Blondel's theorem
2.1 

the number of complete 

elements required to measure the total power in a polyphase system 

is one fewer than the number of wires in the system. This is 

stipulated regardless of the wave form, frequency and the degree 

of symmetry of the system. The same theorem is applied in 

principle when the core loss in a three-phase three-limb transformer 

is measured by open circuit test using the two-wattmeter method. 

However, the test is performed at the rated frequency and the wave 

shape of the applied voltage is kept sinusoidal as far as possible. 

The two-wattmeter method of core loss measurement is acceptable 

to B.S. 171. 

	

2.2 	THE THREE-PHASE MAGNETIC CORE AND PHASE EXCITATION CURRENTS  

The three-limb core of a three-phase transformer is 

magnetically asymmetric, as the central limb has an equivalent 

magnetic path much shorter than the outer limbs. This magnetic 

asymmetry causes an inequality in the magnitudes of the phase excit-

ation currents and also introduces a phase shift from the 

-synmetrical position. At high flux density both factors, i.e. 

inequality in magnitude and shift in phase, are quite significant. 

Brailsford2.2 has derived the theoretical equations for these 

currents in terms of magnetic path lengths and applied voltages. 

These equations can therefore be related to the flux density to 
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which the core is subjected for a core of fixed dimensions. 

Letting the magnetic path lengths for the three limbs be 

E
2 
and t

3 
where t1 - - 23  and 2

/ 2.1 = 
k, the excitation currents 

be I1, I3 and 12 
for the two outer and centre windings respectively, 

then the modulus of the current in each case according to Brailsford 

analysis is given by: 

= 1, = ,   /(7+k+k2) 

2 - 	
 (1 + 2k) 

31/5 OJ A I VII 

(2.1) 

(2.2) 

where 	A = area of cross-section of core, which is assumed 
the same for limbs and yokes. 

IW= modulus of permeability vector 1.1. 

uj = angular frequency. 

V = V12, V23  - - a2V and V31  - - aV - 'here a = — z + 
The no-load currents therefore bear the following relation 

I,  • I2 • • I3  = 1 : 1  • 	
\A7 + k + k2) 

The above relationship is independent of everything except k, the 

ratio of magnetic path length of the centre limb to that of the 

outer limbs. Since I1 
+ I2 + 3 = 0, their phasors may be drawn 

to form a closed triangle. The phase angle between these will 

remain fixed for any applied voltage and thus flux density. The 

relative phase of this system of currents with respect to the 

system of line or phase voltages will, however, change with the 

flux density. 

The transformer tested has k = 0.436, and thus the 

calculated ratio of the excitation currents on the basis of the 

above equations was 1:0.68:1. The transformer was excited to its 

working flux density of 1.8 T and the ratio of the currents as 

measured was 1:0.69:1. 

1 + 2k 	: 1 
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The above results show that these equations can well be 

utilized to calculate the core power losses for comparison with 

the actual measurements. 

2.3 	POSSIBLE CONNECTIONS FOR CORE LOSS MEASUREMENT 
BY THE TWO-WATTMETER METHOD 

When the core loss is measured by the two-wattmeter method 

there are three possible connections that can be employed as shown 

in Fig. 2.1. The power in the circuit for any of these connections, 

which will be indicated by the wattmeters, can be given by the 

product of the current flowing through the current coil circuit and 

the complex conjugate of the voltage across the potential coil of 

the wattmeter. 

Since the currents and voltages are being treated as 

complex quantities, it is convenient to assign a complex value to 

the permeability of the core material, as the relations connecting 

the electrical characteristics of the coil with the components of 

vector permeability of the core can then be much simplified2'3. 

Thus the relation between the field strength vector H and the flux 

density vector B will be B = H where 1L is the vector permeability 

bearing real and imaginary components 	- PA". If 0 is the 
phase angle between V and I, then tan 0 = p,f/ 	 and and cos 0 = wy141 

where 	the modulus of liand cos 0 is the power factor of the 

core material at flux density 
Bmax, 

 the amplitude of B. 

Consider the circuit condition Fig. 2.1(a) when the 

current coils of the wattmeters are in the "outer" phases. The 

powers P
12 

and P32 
can be given as stated earlier by the product 



(a) 

(b) 

(c) 

FIG. 2.1 
	

Possible connections for power measurement 
in a three—phase system by two—wattmeter 
method. 
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2+k) - v 4-k1 
cos 12 - 

2111E1(7+ k+ k2) 

It (2.7) 
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of the current and complex conjugates of voltage, i.e. V12  and I1 

for P12  and -y3  and 13  for P32. Thus 

V2.2.1  P
12 - 	

P(3) 4"(2+k) - 41(4-01 	(2.3) 

W(3) W142I A  

and 

	

	[47)-4"(2+k) + (4-10 	(2.4) 

32 =  61/TTY U) 

V2k, 

 1421 A 	
W 

The total power = P 

V2k1  = 	= 	2(Fr 4"(2+k) 	(2.5) 
12 32 4R--i wiejA  

P12 and  P32 
are the readings which would be indicated in the watt-

meters in watts. The Volt-Amps in the two cases, if denoted by S12' 

S32 
can be given by the products of the moduli of currents and 

voltages, such that: 

V.2 .1 	ti 	 
= V I s12 	12 1 =  1/(7)MJ A141 

S32 = V3213 = 
S12 

(2.6) 

The power factor angles, 012  and 032, under which these wattmeters 

are working, i.e; the phase angle between voltages and currents, 

can be given by Watts/Volt-Amps, or 

y97TT (2+k) - (4-k)tan 0  
7 + k + k2) 

COS 0 (2.8) 

and cos 0 (2.9) 

Because of the low power factor of the core material in the range 

of flux density to which the transformer core is subjected, the 

algebraic sum is the difference of two wattmeter readings. This 



3/17 - (1+2k)tan 0  P31 
P 2/(3) (2 	k) 

(2.15) 
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condition is also true for the balanced and symmetrical system 

when the power factor is. below 0.5 where one of the instruments 

will give negative reading. If three sets of readings in the 

later case are taken using each of the connections shown in Fig. 

2.1 this will give identical readings and their difference will 

be the same. However, in the present case when there is asymmetry 

in the phase relation between currents and voltages of each phase 

and also the current magnitudes are not the same, the three sets of 

readings will give 	entirely different results and of course the 

individual wattmeter readings in each set will be greater than the 

total iron loss of the transformer. 

The above equations for power, if expressed in terms of 

the ratio of wattmeter reading to total power, P (algebraic sum of 

- both wattmeter readings), can be reduced as under: 

P12 	1 	(4 - k)  tan 0 
P 	2 	g/T7 (2+k) 

-112 	(4 	k) 	tan 0 
2/77 (2+k) 

(2.10) 

(2.11) 

Similarly, for the other wattmeter connections shown in Fig. 2.1 

the resultant equations in ratio form are: 

	

P13 	(1 4 2k)tan 0 
P 

2tirjj(2 +k) 

	

23 	(1+2k) "(TT - tan 0:1 
— 	  2)/(37 (2 +1c) 

	

P
21 	

(1t2k) [j.75 	tan yfi 

P 
2117T (2  k) 

(2.12) 

(2.13) 

(2.11}) 
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The power factor under which each wattmeter is working 

can similarly be deduced: 

3(7+ (1 + 2k)tan 0  
cos 013  - 	 cos 

2(7 + k + k 2  ) 
(2.16) 

cos 023 	-1-21/ 	- tan 0] cos 0 	 (2.17) 

cos 
°21 - 

1 F 
1.2 7  + tan 01 cos 0 (2.18) 

31/77 - 	2k)tan 0  
cos-  31 — 

21/7 + k + k2) 
cos 0 	 (2.19) 

2.4 	POWER RELATION IN THE TIIREE—WATTMETFII MEMOD  
OF CORE LOSS MEASUREMENTS 

When the core loss is measured by the three-wattmeter 

method, each wattmeter measuring the power input to one phase , the 

algebraic sum of the three represents the total core loss. 

The equations for such a case on the same basis can be 

developed as previously and the resultant equations given by: 

131 	(5+k) - V7(1-k)tan 0 
- 6(2 + k) 

P2 	1 + 2k 
577 1"c 

(2.20) 

(2.21) 

P3 
P - (2.22) 

Similarly, the power factors at which the wattmeters are working, 

which is also the power factor of each circuit, is given by: 

(5+ k)- - 77 (1 - k)tan  0 
cos  0 2, 

	cos 
1   2/7 + k + k ; 

(2.23) 
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cos 02 
= cos 0 

(5 + k) + /771 - k)tan  
cos 03  - 

WTI k k2) 

(2.24) 

cos 0 	 (2.25) 

2.5 	'NUMERICAL COMPUTATION OF POWER RELATIONS  

On the basis of the foregoing equations for power loss 

measurement, numerical results computed and plotted against the peak 

flux density, as shown in Figs. 2.2(a), (b) and (c), clearly 

indicate that for the two wattmeter method: 

1. The power to be indicated by each wattmeter in one set 

of connections is different from that indicated by other sets. 

2. With increasing flux density, the rate of increase of 

individual wattmeter indications (given by the slope of each 

curve) is sharper and is different for each set. 

3. Since the difference of the two wattmeter indications 

plotted on the basis of the ratio to the total power is the 

total core loss, its magnitude in relation to the actual 

indications of the wattmeters is negligibly small and decreases 

as flux density increases. 

4. For connections fal (Fig. 2.1) when the wattmeters 

are connected in the "outer" phases, the magnitudes of the 

wattmeter indications are 	large compared to the other two 

connections. The small difference of two large indications is 

more susceptible to error than the same difference of two 

smaller indications. Thus, connections !at are worst in the 

case of the two wattmeter method and connection lc! where 



I 

cos 	ji 

....--1 

—005 4/23 

PIP 

rh 

P 

0 

.5 

0 
10 	 1.5 
Num ,vabcrs1;'17, 

• 

(b) 

25. 

10 	 2 

0%5 7 • '9. 1 
n n  

z 7;_ 
ar 

2.0 0 
1-0 	 152 13 • vecbcrftri rismc 	

(0) 

COS  

N
P 

O 

0.5 

0. 

Dm):  ,wcbcrsbn2  
. 

2-0. 

COS '2 

-cc's q'1 P3IP 

-Pdp 

/ • -0-5 
10 	 1.5 
Rmax• wcbcrs,/m1  

2-0 

PIG. 2.2 Power ratios and -relative- wattmeter p0Wer factors 
for a typical. core. 
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(a), (b) and (c) of Fig. 2.1. Diagram (d) corresponds 
to measurement by three—wattmeter method. 
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the indications of the individual wattmeter are almost half 

those of case tat, the best. 

Fig. 2.2(d) shows the curves for measurement by the 

three wattmeter method. The computation has been made on the basis 

of equations (2.20) to (2.25). These curves show that the 

individual wattmeter indication is far less than any of the two—

wattmeter method. These indications do not change sharply with the 

flux density and for the middle phase, it is practically constant 

as the phase angle between current and voltage is equal to the 

material phase angle. This also shows that as the flux density 

increases, the first phase starts returning power to the source. 

This method is therefore best for measurement of core loss on open 

circuit test for a three—phase three—limb transformer working at 

high flux density, as.each individual wattmeter indication is small 

and therefore the relative algebraic summation is large. 

Since even distribution transformers are .now designed, 

for economic reasons, at flux densities well above 1.5 T the two—

wattmeter method for measurement of core loss for such transformers 

is not recommended and if it has to be adopted for some reason 

the connection shown in Fig. 2.1(c) should be used. Standard 

industrial practice is, however, the opposite to this
2.45 

 and the 

connection of Fig. 2.1(a) is commonly used. As shown in 2.6, 

this indicates lower total core loss than actual. 

2.6 	EXPEltDirNTAL RESULTS 

Open circuit core loss measurements were made by two—

and three—wattmeter methods. In the former case, the three 
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possible connections as shown in Fig. 2.1 were used separately and 

the results are shown in Table 2.1 for flux density 1.8 T. These 

results show that the measurement by two-wattmeter method which 

falls nearest the three-wattmeter value useS connections lc' of 

Fig. 2.1 while the connection lat of Fig. 2.1 give 5.5% low 

reading and that 'b' of Fig. 2.1, 3.4% high reading. 

The magnitude of the excitation current and its phase 

relation with induced voltage was also checked as shown in Fig. 2.3. 

To check the validity of the power equations, the supply 

connections of the outer limbs were interchanged and it was 

observed that individual losses are associated with the lines and 

not with the limbs. The negative reading was still indicated by 

the tredt phase and the total core loss was practically unaffected. 

This referred to measurement made by three-wattmeter method. 

2.7 	EFFECT OF THE WATTMETER ERROR 

Measurements made by either method show that at high flux 

density the positive-reading wattmeter works at lagging power 

factor while the negative-reading wattmeter works at leading one. 

This means that if the wattmeter has an inductive pressure circuit 

the positive-reading wattmeter will indicate high while the negative-

reading wattmeter will indicate low, so that the total observed 

power, being the difference of the two readings, will be high. 

Although its effect on any method of measurement will be 

the same, the observation error may be greater when the individual 

readings are large relative to their difference and hence on this 

consideration also, the three-wattmeter method will be best. 



v3 

28. 

FIG. 2.3 Phasor diagram of a three—phase, three—limb 
transformer at high flux density with isolated 
neutral. 

 

v3 

FIG. 0.4 
• 

Phasor diagram as Fig. 2.3, but neutral connected 
to the sources neutral. 

V
1 
= V

2 
= V

3 
= pha

s
e voltage. 

I1 	I2 02 	03 

 

Fig. 2.3 8.4A 5.8A 8.4A 95o 
86°  70°.  

Fig. 2.4 — 	8.4A 4.9A 10.4A 80°  91°  76° 



Wattmeter 
Connections 

Power measured 
in circuit 
number 

Meter reading 
 Watts 

Core loss 
Watts 

Two wattmeter 
Fig. 	2.1(a) 

Two wattmeter 
Fig. 2.1(b) 

Two wattmeter 
Fig. 	2.1(c) 

Three wattmeter 

P12 
P
32 

P13 
P23 

P21 
P31  

P1 
P2 
P3  

- 930 

- 	1140 

640 

-410 

-335 

560 

-115 

50 

287.5 

210 

230  

225 

222.5 

TABLE 2.1 Comparison of power measurement by 
two-wattmeter and three-wattmeter 
methods at peak flux density 1.8 T. 
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2.8 	EtkECT OF THE NEUTRAL CONNECTION ON THE MEASUREMENT  
OF CORE LOSS BY OPEN CIRCUIT TEST 

Due to the asymmetry of the no-load currents in a three-

phase three-limb transformer, as shown in Fig. 2.3, the neutral 

connection plays an important role in the measurement of core loss. 

The problem can be analysed by resolving the currents into 

symmetrical components. When the transformer neutral is isolated, 

there is no return path for the zero-phase sequence currents and 

thus they do not exist in either coil or the line' . However, 

when the transformer neutral is either grounded or connected to 

the neutral of the source, these currents will appear in the line 

and the neutral current will be equal to three times the zero-phase 

sequence current in each phase
2.5

. When these currents flow in 

each phase, the resultant phase current is given by the vectorial 

siva of positive and zero sequence currents which apart from 

altering the magnitude as compared with the case of isolated 

neutral, also shifts their phase positions. Phasor diagram Fig. 

2.4 shows the position of the excitation currents with respect to 

phase voltages and neutral currents, and should be compared with 

Fig. 2.3. The core loss when measured with neutral connected 

shows an increase (11.3% rise in core loss was observed in the case 

of transformer tested at 1.8 T) over that with isolated neutral. 

This explains why manufacturers never use a neutral connection when 

measuring core loss, an effect noticed but never explained. A 

further observation worth quoting is that due to the change in 

phase relations between currents and voltages, the wattmeter reading 

for each phase was significantly changed. The 'red' phase wattmeter 

which, as shown in Table 2.1, reads negative gives a positive 
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reading and the central limb, 'yellow/ phase reading becomes 

negative. It is clear from Fig. 2.4 that this is bncause the 

phase angle between current and voltage of this phase is more than 

quadrature. 

To verify the above results, a thermal check was made by 

locating two thermally lagged thermometers at two different places 

on the yoke and noting their temperatures over a period of 3 hours 

while the transformer was operated open circuited with isolated 

neutral and, later, with neutral connected. The ambient 

temperature in both cases was very close and to avoid the sudden 

changes in the ambient conditions, the laboratory doors were kept 

closed with a controlled air circulation. A check on the ambient 

temperature was also made during the test. When the rise in 

temperature was plotted against time, both the initial rate of 

temperature and final temperature rise in the case of neutral 

connection were about 10% greater than without neutral connection, 

agreeing very closely with the results measured by wattmeter. 
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CHAPTER lEREE 

EXCITATION CURRENT AND ITS SEPARATION FROM 
THE MAIN CURRENTS OF A LOADED TRANSFORMER  

3.1 	INTRODUCTION  

The excitation current of a transformer is defined as 

"the current which maintains the excitation"
3.1. Presumably, by 

rate of change of 
"excitation" is meant the flux linkagt4hich, together with the 

resistive potential drop, is in a transformer equal to the applied 

voltage when referred to either winding. 

Due to the non—linearity of the core material magnetic 

characteristics, a component of this current is considered to meet 

the energy loss in the core. The excitation current is, therefore, 

considered as having two components, a power component corresponding 

practically to all core losses and a reactive or wattless component 

responsible for the reversible magnetisation of the core. 

Since the transfer of energy in a transformer is 

accomplished at the expense of excitation current, the exact 

measure of this current is of fundamental concern for the measure-

ment of the power component and thus the core loss of the transformer. 

The basic equivalent circuit of a two winding unity ratio transformer 

is shown in Fig. 3.1. Here, 

11
1 
and R

2 = Primary and secondary winding resistances, 

Xuand X2,2  = Primary and secondary winding leakage 
reactances, 

El  and E2  = Induced voltages in the primary and 
secondary windings

' 
E
1 
= E

2' 

V1 
	

= Primary impressed voltage, 

V2 
	= Secondary terminal voltage, 



1:1 

i1 It 2 Ia 
X2 

FIG. 3.1 	A basic equivalent circuit of a two-winding unity ratio transformer. 
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I, = Primary current, 

12  = Secondary current, 

Ie = Excitation current, 

= Magnetizing inductance, 

Gc = Conductance giving core loss. 

The currents relation of this transformer can be given by: 

I = I + I + II 1 m c 2 

= I + II e 	2 

= e + I2 

(3.1) 

(3.2) 

(3.3) 

Ic is the component of excitation current, Ie, which accounts for 

the core loss and can be given by: 

I
c 
= G

c
E
l
. 
	 (3.4) 

From the nature of the eddy currents and hysteresis effects, this 

component is not generally a linear one but depends mainly on the 

induction, frequency and the nature of the magnetic material, i.e. 

the conductance Gc is not a fixed parameter but is variable with 

the above factors. This is also true of M, the magnetising inductance. 

3.2 	RELATION BETWEEN EXCITATION CURRENT AND MAIN CURRENTS 

In open circuit conditions, when no secondary current 

flows, the primary circuit current is wholly attributable to the 

excitation, provided there is no circulating current within the 

windings due to any parallel connections, in which case an 

additional current will accompany this current to counter the 

effects of the circulating current. The division of excitation 
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current into its power and reactive components is, however, not a 

major problem in this case and the estimation of core loss can 

easily be made. 

In the case of a transformer connected to a power system, 

it is sometimes not even possible to associate the excitation 

current with a particular winding, especially when: 

1. The unit interconnects the systems at different 

voltages to exchange power between them, each system having 

its own generators and loads. 

2. A generator transformer connects the machine to the 

system and the latter excites the machine with IIVAr, i.e. 

leading reactive load condition on the transformer. 

The magnetoMotive force which maintains the main flux in 

the core in steady state operation is the resultant of both primary 

and secondary currents acting in opposition and (required by Lenz's 

Law) to magnetise the core in the direction decided by the "right-

hand rule". Also, the excitation current has a direct relation 

with the resultant magnetomotive force (assuming constant 

permeability in the working range of the transformer). The 

excitation current can therefore only be separated if the instant-

aneous difference of these two currents is taken. In view of the 

above it is difficult to state which winding is supplying the 

excitation current at a particular instant, i.e. L.V., H.V. or both, 

therefore the concept of mutual participation in maintaining the 

magnetizing flux is best considered. 
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3.3 ESS~!TIALS FOR METHODS OF SEP_~_~TION 

Methods of separation of excitation current from the main 

currents must take into account the instantaneous values of both 

currents, i.e. H.V. and L.V. Also, the resultant current thus 

obtained must bear the same relation to the induced voltage when 

referred to either of the windings as in the ope~ circuit test. 

This can be achieved by taking either the instantaneous difference 

directly or the difference of effects produced by tllese currents. 

The effects considered in this work are magnetic and ohmic voltage 

drop. Although there are always some possibilities of introduction 

of errors due to the devices, i.e. current transformer and linear 

resistor, which sense these effects owing to their mill energy losses, 

there appears to be no alternative method ,.,hich can be employed 

~when the direct differential method is not applicable. The ultimate 

aim is to obtain either the excitation current or a signal 

proportional to the excitation current in magnitude and in phase 

so that its power and reactive components in relation to the 

induced voltage can be measured and tllUS core loss can be computed. 

3.4 ~fl?rHODS OF SEPARATION OF EXCITATION CURRENT 

On the basis of the discussion in Section 3.3, the 

following methods of extraction of excitation current from the input 

and output currents of the transformer have been used in this work 

and a detailed study is made of the errors and limitations of each 

method: 

1. Current difference by direct differential method. 
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2. Current difference by magnetic effects using 

current transformers differentially. 

3. Voltage difference proportional to the current by 

ohmic voltage drop effects using serie esistance differential 

method. 

3.4.1 	Direct Differential Method 

3.4.1.1 	Theoretical basis  

When the primary and secondary windings have the same 

number of turns, the primary and secondary voltages induced by the 

resultant mutual m.m.f. are equal and the load component of the 

primary current equals the load current. The equivalent circuit 

of such a transformer is shown in Fig. 3.2. 

The e.m.f. (E) induced in the secondary is the vector 

sum of secondary terminal voltage (V2) and leakage impedance voltage 

drop due to load current (IL) while the impressed voltage (V1) is 

the vector sum of the induced voltage and the leakage impedance 

voltage drop due to the primary current (Ie  + IL). The excitation 

current is the vector sum of the cor/ oss current which is in 

phase with the induced voltage and the magnetising current in 

quadrature to the induced voltage. This circuit has the same 

electrical characteristics as the actual transformer with the 

following assumptions: 

1. The effect of capacitance in the windings is 

negligible. 

2. The effective resistances and leakage reactances 

are constant. 
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3. The mngnetic conditions in the core are determined 

by the frequency and flux and therefore core loss and 

excitation current depend upon frequency, magnitude and wave 

form of the induced voltage. 

4. A given m.m.f. due to either winding produces the 

same effects in the core irrespective of the arrangement of 

the winding around the core. 

5. The excitation current is represented by its 

fundamental component. 

The equivalent circuit of Fig. 3.2 can be used to replace 

the actual transformer in the circuit of which the transformer is 

a part provided a single connection between a primary terminal and 

the secondary terminal of the same relative polarity does not 

alter the conditions in the circuit
3.2
. 

3.4.1.2 Experimental considerations  

If the excitation current is neglected, the unity ratio 

transformer supplying power to a load can be connected as shown in 

Fig. 3.3, with the primary and secondary terminals of same polarity 

connected together. The connection will not change the conditions 

in the circuit. The one to one turn ratio transformer is thus 

equivalent to a simple series impedance connected in the circuit, 

in part of which magnetomotive forces of equal magnitude but 

opposite sense cancel each other. 

To account for the excitation current, the circuit can 

be connected as shown in Fig. 3.4. The current flowing to the 



nl jxlk  

I +II 
e L 

+ 

V
1 

R + 'X2 	2.2, 

V
2 

FIG. 3.2 	Equivalent circuit of a 1:1 ratio transformer. 

FIG. 3.3 	A 1:1 ratio transformer as a series impedance in 
a circuit, if exciting current is neglected. 

39. 

R/  + jX1p 	R2 + jX2e 

A 1:1 ratio transformer with terminals of the 
.same polarity, connected together and to the 
sourcets neutral to separate the exciting current. 
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neutral from the common connection between the windings will be the 

excitation current and can thus be used in the computation of core 

loss by splitting it into its power and reactive components. 

3.4.1.3 Errors and limitations of direct differential method 

The amplitude and phase relation of the excitation current 

of the test transformer extracted by this method was compared with 

the excitation current taken in the no load test. There is an 

agreement for magnitude, phase relation and wave shape as shown in 

Figs. 3.5 and 3.6. 

This method, however, has the serious limitation that it 

can only be applied to unity ratio transformers, which if three-

phase,must be star—star connected. It is a good technique for 

development purposes where the quality of certain steels with 

respect to core configuration is to be checked or different core/ 

winding configurations are to be compared. This method can, however, 

not be used for large production transformers as they seldom have 

unity ratio windings. 

3.4.2 	The Current Transformer Differential Method  

3.4.2.1 	The method  

The excitation current can be extracted by connecting 

differentially the secondaries of two current transformers, the 

primaries of which are connected in the input and output circuits 

of the test transformer. The method was first employed by Ali3.3  

using two 1:1 ratio current transformers for the measurement of 
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three-phase ,test transformer 'vi th open circuited 
secondary. 'vaveforms (a), (b) and (c) correspond 
to 'Red', 'Yellow' and 'Blue' phase respectively. 
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FIG. 3.6 	Oscillograms of the excitation current 
extracted by direct differential method. 
Waveforms correspond to phases as in 
Fig. 3.5. 



43. 

the core loss with varying load power factor but certain inherent 

errors of the current transformers and some operational limitations 

were ignored in the work and while core loss measurement did show a 

dependence on load power factor, the variation in loss was not 

realistic. 

This method was also employed in the present work for 

comparison and improvement purposes by using better accuracy class 

of transformers (Class AL instead of Class CH used in the previous 

work) as specified under B.S. 3938, and the results thus obtained 

are shown in Section 6.5.3. The errors and limitations associated 

with this method are discussed in this Chapter. 

3.4.2.2 Inherent errors  

According to B.S. 3938, a current transformer is defined 

as a device for the transformation of current and under normal 

operating conditions the current in the secondary is substantially 

proportional to the current in the primary winding, differing from 

it in phase by an angle which is approximately zero for appropriate 

connections. 

In designing current transformers, while ample care is 

taken in the selection of the core material and of working flux 

density so that the above condition may be met, nevertheless in a 

practical C.T., regardless of the core material, the maintenance 

of the induced flux requires the expenditure of exciting ampere 

turns. This excitation m.m.f. although very small compared to that 

in a power transformer, introduces errors in magnitude (ratio error) 

and phase relation (phase error) of the secondary ampere turns with 
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respect to primary ampere turns. When the C.T. is used merely to 

measure the magnitude of the current in a circuit, e.g. to operate 

an ammeter, the only factor to minimize is the ratio error, the 

phase error being of no significance. In the case of a C.T. being 

used in conjunction with power or energy measuring instruments, both 

of these errors become of great importance and the secondary quantity 

must be proportional, and should maintain the same phase relationship 

to the primary quantity. 

The estimation of these errors has been made on the 

assumption of ampere turn balance between both sides of the trans-

former and has been expressed in a number of parameters, e.g. self 

and mutual inductances3.4, turns and current ratios3.5, or 

percentage ratio error in terms of ratio correction factor
3.6. The 

"analysis made here is.on the basis of percentage ratio - error and 

phase angle error in terms of primary current and power factor of 

the secondary burden. 

3.4.2.3 Error evaluation 

Fig. 3.7 represents the phasor diagram of a C.T. when the 

overall secondary circuit paper factor is lagging. Here, 

N I & N I = Primary and secondary ampere-turns 
P p 	s s 

respectively, 

NpIe, NpI & N P  Im 
 = Excitation, power and magnetizing 
 ampere-turns respectively, 

= Sum of the resistances of burden and 
secondary winding, 

= Sum of the reactance of burden and leakage 
reactance of secondary winding, 

= Overall secondary circuit phase angle, 

Rs 

Xs 
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R = Phase error, i;;e. place difference between the 
primary and secondary ampere-turns, 

0 = Angle between excitation ampere-turns and power 
loss ampere-turns. This is a characteristic of 
the material and depends on the flux density at 
which the C.T. is operating, 

y = Ratio error which is the difference between the 
primary and secondary ampere-turns, 

Es = Secondary induced voltage, 

Magnetizing flux. 

Resolving N 
P  IP 

 paral'1.1 and perpendicular to N 
PP  
It: 

N
P  IP 

 cos 13 =N
P

I? +NPIm  sin a, + N
P  Iw 

 cos a 
P  

and 

N
P  IP 

 sin i3 = N 
P  Im 

 cos a - N 
P  Iw 

 sin a 

Squaring both sides of equation (3.5) and (3.6) and adding 

. (N 
P 

 I 
P
)2  = N21'2  + 2g It(N 

P
I
m 
 sin a + NpIW cos a) 

P P 	PP  
2 	2 . + (NP I
2 
 + N

P 
 I2)

m 	w 

Dividing both sides of equation (3.7) by N2: 

(3.5) 

(3.6) 

(3.7) 

/ I2 = It2 + 211(1m 
	m 	w sina + Iw cosa) + kI

2  + I2  ) (3.8) 
P  

Now denoting turns ratio, N 
s  /Np  = Kt and current ratio 

Ip/Is   = Kc, 

Nt = IsKt 

2 'Dividing equation (3.8) by Is and replacing the appropriate terms 

with Kt and Kc, 

2K 
K2  = K2  + 

 

w t(I sina +I cos a) + 1 (12 + 12) (3.9) c 	t 	Is 	 Iv/ 
I 2  s  

	

+ Iw  cos a) + sin 2 	a 	 1  (12  + Iw2] orr c 2 = Kt 
[1 + r  

2
ickIni 	 m   
s t 

s t 	(3.10) 
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FIG. 3.7 	Phasor diagram of a current transformer with 
overall lagging power factor of the secondary. 
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Now I
2 + I2 = I2 and since I<<I,It

2 
s I2' 

the root of the expression in 
m w e 	e 

2 
 I

msina T I
wcos CC 

KtIs 

Equation (3.10) can therefore be written as: 

Imsina + I cosa 2 • 2, 
K k

1 F 	)2 
c 	t. 

 
KtIs 

(3.11) 

the square bracket can be taken z1 + 

SO: 

K
t 
+ 

I111 sing, + I wcosa -  
(3.12) 

 

I 

Similarly, from equations (3.5) and (3.6) 

N I coscL - N I sina 
tan i3 P m 	p w 

 - 
NpI; + NpImsin e. + Npl-vcos a 

(3.13) 

Further simplification of equation (3.13) within a reasonable 

accuracy can be made as 

tan 13 
N 
P  I  m 

 cosa N p  I wsina 

N I' 
P P 

(3.14) 

Since angle i3 is kept as small as possible to minimise the phase 
Ns  

error and since I' = I — p 	s Np 
Imcosa - Iw  sin a. 

Ns 
I x s N 

In equation (3.12) Kc  gives the ratio between actual primary and 

secondary currents. In practice, these currents are seldom equal 

to the nominal or rated value and, therefore, rated or nominal 

current ratio Kn = Ipn/Isnis introduced to make the correction at 

a given current ratio as the manufacturer's guaranteed errors are 

based on the rated value of Ipn and Isn. 

The ratio error, according to B.S. 3938, is specified 

in percentage, and is expressed as: 

radians 	(3.15) 
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1;4 R.E. at I
P 
 _ ( EnIs1- IP) x 100% 

K - K 
or 	% R.E. at Ip  _ (  n 	c) x 100% 

(3.16) 

(3.17) 

By substituting for Ke.in equation (3.12) 

EK Kt-{(Imsina + I cosa)/I s- 
%R.E. at I = K 	

100% 
 

(3.18) 

Equation (3.18) can be rearranged and expressed as 

I sing, + I cos CL 	Kn-Kt 
% R.E. at Ip 	 TI-100(  m 	)+100(---3% (3.19) 

The second term of the right-hand side of equation (3.19) is 

independent of the operating flux density and the quality of core 

material. This term is often used in designing current transformers. 

If En  is made equal to Kt, the % R.E. can be given by: 

+cosa w 	 % R.E. at I = - 100 ( 	) 	(3.20 
p 

Equations (3.12) and (3.14) are the basic equations of 

the current transformer by which the behaviour of the errors with 

respect to the secondary burden and secondary overall power factor 

can easily be seen. The following are the special operating 

conditions worth considering. 

1. Unity power factor of the current transformer 

secondary circuit when C1 = 0: 

I 

K 	K + 	and 	— I (radians) 

	

t Is 	s 

2. Maximum leading or lagging power factor of current 

transformer secondary circuit when a = TC/2: 

	

Im 	I 
Kt  I Kc 	+ 	and p 	

IW 
- - (radians) for inductive burden, 

	

s 	s 
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I 	I 
and 	Kt  1==. Kt I

m 	
f3 - — and s7=-=+ I -E. (radians) for capacitative burden. 

s 	s 

3. Condition of maximum ratio error. 

When C. = A a condition when secondary amp:re- 

turns and primary ampere-turns are in direct antiphase with 

each other. The phase angle error = 0, but ratio error is maximum. 

I 
e 

K K + Kc t I
s 

4. Condition of maximum phase angle evirolr- 

For

. 

 the leading power factor of the burden 

of the current transformer, a condition will exist when a = 

(90 - 0), the ratio error will be negligible as Ke.a.e Kt  and 

phase angle error will be maximum and can be given by: 

pma. = IeAgs  - ) 

3.4.2.4 	Operational- errors 

The burden of the current transformer is specified in 

volt-amps at rated secondary current and a specific power factor. 

(According to B.S. 3938, for measuring C.T.s the burden is specified 

at unity power factor.) In practice the burden usually has a 

reactive component, general"y inductive clue to measuring instrument 

coils and those of protective relays. This difference in the actual 

burden power factor to that of standard, has a great influence on 

the C.T. error.. Furthermore, the magnitude of the burden also 

affects these errors and the common practice of using a C.T. having 

higher rated burden than the actual burden with a view to obtaining 
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better performance may in fact increase the overall errors3.7. A 

thorough investigation in respect of the above points and of the 

influence of the actual circuit parameters on the errors is there-

fore necessary before using a current transformer in a circuit. 

The burden offered by the wattmeter used in this work is =10% of 

the rated burden of the one current transformer. Since two C.T.s 

were connected in differential mode which is an unusual case of 

C.T. operation, it can be assumed that burden is faced by the C.T. 

connected to the circuit supplying excitation current to the 

transformer under test, but there could be a situation when both 

of the C.T.s share this burden. In such a situation the prediction 

of errors will be more difficult. 

Since it was not possible to obtain a set of C.T.s with 

rated burden matching the wattmeter, nor was it possible to obtain 

another wattmeter to match the burden of C.T.sl available set of 

C.T .s and wattmeter was used. The prospect of increasing the burden 

by providing an external impedance in series with the meter still 

exists, but this would introduce an additional correction factor 

in the wattmeter reading. 

3.4.2.5 Dependence of errors on operating conditions  

In contrast to a voltage transformer, the current trans-

former is subjected to a variable induction and thus its errors 

are not constant over the entire range of operation. The primary 

current is determined by whatever conditions exist in the network 

into which the primary winding of C.T. is connected and every 

variation in the primary current alters the magnitude of the impressed 
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p.a. necessitating a corresponding change in the induced voltage 

and, with this, in the main flux. This in turn changes the size 

and shape of the triangle formed by le, Im  and Ic  which are the 

dominant factors in producing the ratio and phase angle errors. 

If these errors are plotted against flux density, it is shown5.8 

that the percentage ratio error change is a minimum over the 

working range of flux density for an overall unity power factor of 

the burden, a situation rarely encountered in practice; on the 

other hand, the phase angle error at the same overall power factor 

of burden changes significantly with the flux density. It is, 

however, remarkably consistent at low lagging power factor, again 

a condition seldom occurring in a practical application, especially 

in a measuring circuit. 

Since the flux density is directly proportional to the 

secondary current and therefore to the primary current (to the 

same degree of approximation as the error equations), the dependence 

of the errors on the overall burden phase angle and secondary 

current can easily be checked from these curves. The other useful 

method of approximation of these errors is the Mollinger and Gewecke 

C.T. diagram3.9 These methods, however, show the behaviour of a 

single current traasformer connected in circuit. For a number of 

current transformers connected to a network, the estimation is 

rather difficult and for the present test it becomes more 

complicated as both the C.T.s are working at different flux 

densities and are connected differentially. 
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3.4.2.6 Modification of errors 

Over the years, a number of successful attempts have been 

made to reduce C.T. errors. Some of these are basically made to 

reduce the ratio error, as from equation (3.17) if Ke  is made equal 

to Kn for some specific operating conditions, by making Kt 
slightly 

less than K
n, it is possible to minimize the percentage ratio error 

for specific operating conditions. This will not, however, affect 

the phase error appreciably. The adjustment of Kt  can be done by 

providing fractional turns in a number of ways
3.10 

It is sometimes more important to have minimum phase 

angle error than minimum ratio error as, for example, when power 

is measured by a dynamometer wattmeter connected through a current 

transformer and especially at a very low load' power factor. (The 

present application is a most suitable example of a completely 

new way of using current transformers.) Some of the methods 

employed for such corrections are associated with design rather 

than with operation and, although very ingenious, can become less 

effective under operating conditions other than those specified by 

the designer. To meet this end, use was made of auxiliary circuits 

and compounding devices3.11  on the one hand and of better core 

materials3°12  on the other. 

On the basis of the previous discussions/references and 

error equation, it is clear that: 

1. Both errors depend on secondary current and secondary 

overall power factor including burden. 

2. Both errors change differently with the change in 

operating conditions and therefore it is not possible that 
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correction made for one error will also affect the other in 

the same way. 	It is in fact common for certain correction 

methods to reduce one error but increase the other. 

In view of the above, the output with minimum errors can 

only be obtained if a C.T. is designed on such basis that the 

errors should remain minimum ones over a maximum range of operation 

or be designed specifically for the particular circuit in view, 

i.e. metering, protection or integrated circuit for energy measure-

ment. It is a general practice that C.T.s are designed separately 

for metering or protection not on the grounds of errors but to meet 

other requirements as specified in B.S. 3938. Metering transformers 

are, however, used in energy measurements and since power is 

generally supplied to the consumers within a range of certain power 

factor, the energy metered is corrected by a certain factor on the 

basis of the C.T. error. 

3.4.2.7 Current transformers and the present test  

The C.T.s used in the present work are type AL and type 

CM according to B.S. 3938. In each case the primary is wound around 

the transformer with 12 turns in the case of type AL and 8 in type 

CM to give a unity ratio with highest rated winding. Comparing the 

current ratings of these windings with the excitation current of the 

test transformer, the C.T.s are being operated at very low flux 

density which is the range of maximum error as the errors vary 

approximately inversely as the square of the ampere—turns. The 

basic reason for more percentage errors at low burden current is 

the fact that I
e 
does not reduce proportionally with the reduction 

in the primary current, i.e. the ratio between Ie and I does not 
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remain the same. Although the primary winding is made symmetrical 

around the transformer housing, for a uniform induction in the 

core, the housing being rectangular causes the concentration of 

ampere turns at some section and thus core in operation experiences 

a non-uniform induction throughout its magnetic length. The errors 

under such conditions would be considerably different from those 

specified by the manufacturers according to the accuracy clause. 

Park
3.13 

made a number of tests with respect to the position of 

primary conductors when passed through the window of C.T. and 

results showed that errors do vary with the location of the primary 

conductor. 

In view of the above operating constraints, the C.T.s 

used to perform this test to a reasonable accuracy should have a 

minimum phase error and the burden presented by the instrument 

must match the rated burden of the C.T.s. Since the excitation 

current separated from the input and output currents bears a 

nearly quadrature relation with the induced voltage, any dynamometer 

wattmeter connected to such a circuit will be more susceptible to give 

erroneous reading for very small phase angle error than for the 

ratio error. 

Fig. 3.8 shows oscillograms of excitation current of the test 

transformer separated by this method using unity ratio C.T.s and 

Fig. 3.9 using 2:1 ratio transformation. The latter being taken 

on a scale X2. The waveforms are identical, showing an excellent 

agreement in corresponding phases. When these are compared with 

the no-load current waveform, Fig. 3.5, there is agreement as far as 

the waveforms are concerned but there is, if anything, a slight 
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(a)  

(b)  

(c)  

FIG. 3.8 
	

Oscillograms of the excitation current 
extracted by the current transformer 
differential method, employing unity ratio. 
Waveforms correspond to phases as in 
Fig. 3.5. 



(a) 

56. 

(b) oscillograms 
up side down 

FIG. 3.9 	Oscillograms of the excitation current 
extracted by the current transformer 
differential nothod, employing 2:1 ratio. 
Waveforms correspond to phases as in 
Fig. 3,5. 
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difference in magnitude. This is considered dile to the cumulative 

errors of both current transformers. Due to the.introduction of 

phase error in the secondary ampere turns of the current trans-

former, the differential ampere—turns are not truly representative 

of the excitation current of the test-transformer as far as their 

phase relation is concerned. The core loss thus measured does not 

agree with the measurement made by open circuit test and by the other 

method used to make measurement under loaded condition. The trend 

of variation of core loss with load phase angle is also not similar 

to that shown by other methods. Rather, typically at lagging load 

power factor the loss measured increases rapidly with decreasing 

power factor and even if the copper and iron losses of the test 

transformer are computed from the difference between input and 

output power, no agreement is obtained. 

The measurement taken from the same pair of current 

transformers but temporarily wound—on primary and permanently wound 

secondary windings interchanged, even differ from each other for 

the same load angle. Fig. 3.10 shows the variation of core loss 

with the load angle measured using type AL unity ratio current 

transformers with firstly primPxy as inserted turns and secondary 

wound, and, secondly, primary wound and secondary inserted. The 

trend of variation of core loss with load angle is similar in both 

cases, but the magnitudes differ widely. 

Table 3.1 shows the measurements taken for three different 

conditions at the same load angles. The first two represent the 

conditions as specified for Fig. 3.10 and the third, using current 

transformation ratio 5:1 with both windings permanently wound. 



t 	 1 
0.5 

100 

lagging 
1.0 

Power factor ow •■■•■••■■••■•••• 

1 

Leaaing 
0.5 

Primary turns- inserted:Secondry wound 

Primary turns-'wound,secondary inserted 

• FIG. 3.10 	MeasureMents of core loss by the current transformer differential method with 
interchanged connections. 
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Connections P.F. 
Core loss 
Red 

per phase 
Yellow 

(watts) 
Blue 

Total core loss 
Watts 

C.T. Ratio 1:1 

Primary inserted Unity 115 -205 290 200 

Secondary wound .8 Lead 85 -200 300 185 

.8 Lag 125 -190 300 235 

C.T. Ratio 1:1 

Unity 75 -210 300 165 

Primary wound .8 Lead 30 -205 310 135 

Secondary inserted .8 Lag 90 -175 370 285 

C.T. Ratio 5:1 

Primary wound Unity 62.5 -203 312.5 172, 

.8 Lead 62.5 -219 312.3 156 

Secondary wound .8 Lag 94 -194 300 200 

TABLE 3.1 Comparison of core loss measurements made with 
type AL current transformers but interchanging 
the connections and current ratio. 
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In view of the above, this method of separation of 

excitation current is not very accurate even when best accuracy 

class of current transformers is employed. However, there are 

further suggestions on which work could not be done on the first 

two due to non-availability of the required current transformers 

and on the third due to lack of time. They are given in the 

following sections. 

3.4.2.5 Use of compensated current .transformers  

Much work has been done at the National Research Council 

of Canada to develop a compensated current comparator, which is 

now commercially available for the precise measurement of current 

transformer errors
3.14

. The current compensator, basically a three-winding 

unity ratio transformer with the energy transfer properties of a 

current transformer3.15, can thus be used in this work with slight 

operational modifications. If its outer core be excited through 

the compensation winding by a separate source, the unit can work 

as an ideal current transformer of unity ratio having no ratio or 

phase error. The secondary ampere turns will be an exact 

reflection of the primary ampere turns. A pair of such transformers 

connected differentially will deliver a differential current which 

will correspond to the excitation current of the test transformer 

in magnitude and phase. 

3.4.2.9 Use of current sensors 

Current sensing devices based on Hall. effect are now 

** 
comercially avai'able . Like current transformers these 

* Available in U.K. through Lyons Instruments Ltd., Herts., England. 

** Available in U.S.A. from F.W. Bell Inc., 4949 Freeway Drive, East 
Columbus, Ohio. 
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devices have the circuit isolation facility and thus can be used 

like current transformers in separation of excitation current. 

Since devices based on Hall effect take their supply from a 

separate source and give an output signal proportional to the 

magnetic field produced by the current"passing through the 

conductor, around which the device is placed, if the supply to the 

Hall crystal_ is kept constant, there will be practically no ratio 

error. The phase angle error can be eliminated by well designed 

circuitry. The other advantage that this device has over the current 

transformeristhat in the case of insertion of the device in any one 

phase, the other two phases of the three-phase transformer under test 

will not experience any unbalancing effect. The differential 

current taken through a pair of such sensors may have far less 

error than introduced by the current transformers, and this may be 

a true representation of the excitation current of the transformer 

under test. 

3.4.2.10 Use of a single current transformer  

If a single current transformer is used as in the detection 

of zero-•phase sequence currents, i.e. a ring core wound with a 

secondary winding and with "go" and "return" primary bar conductors 

threaded symmetrically through its window, then the same 

current flowing in both primary conductors produces no net m.m.f. in 

the core. However, if a leakage current flows in either conductor, 

a m.m.f. appears in the core and a p.d. is produced across the 

terminals of the secondary winding with magnitude depending on the 

resultant m.m.f. which in turn depends on the difference of the 

currents in the go and return primary conductors. If a similar 
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arrangement is provided with both primaries wound around the core 

of a current transformer such that the input current of the test 

transformer magnetizes the core in one direction and the output 

current in the other, the net magnetizing ampere-turns will 

represent their ampere-turn difference. In this way the errors 

introduced will be those of a single current transformer. 

Secondly, it will be much easier to estimate the impedance being 

offered by the burden and thus to predict the errors. However, 

there may be an additional factor due to mutual inductance between 

the inserted windings and its effects on the errors would have to be 

investigated. 

3.4.3 	Series resistance differential method  

3.4.3.1 The'method  

Ohm's Law in its original form states that the potential 

drop across a solid conductor, through which a current is flowing 

without affecting the temperature of the conductor is proportional 

to the current. Thus if two equal resistors are employed and equal 

currents are passed through them, the potential drop across each 

resistor will be the same. If, however, the magnitude of either of 

currents is changed, a proportional change will occur in the 

potential drop across that resistor. This is the basis of the 

present method to obtain a potential drop signal proportional to 

the excitation current of the test transformer. 

Two three-phase banks of non-inductive resistors calibrated 

and adjusted to 0.549Q by means of a Kelvin Bridge were inserted in 

each phase of the input and output sides of the test transformer. 
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Since three-wattmeter method was to be employed to measure the core 

loss, the primary and secondary of the test transformer were 

connected in star-star with isolated neutrals. The potential drops 

appearing across each resistor RA  and RB  of the respective phase 

were subtracted vectorially through isolating transformers T1 
and T2,  

having primaries connected across the potential drop signals and 

secondaries connected differentially as shown in Fig. 3.11. The 

isolating transformers were used in 1:5 ratio to get a substantial 

output signal when the core loss was measured by Hall effect wattmeter 

and 1:1 ratio when measured by VAW meter due to its capability to 

process lower voltage signals. 

3.4.3.2 Effects of RA  and RB  on the impedance of the transformer  

Since the impressed voltage V1  on the input side of the 

test transformer was considered from terminal B, the resistance RA  

will not become a part of the winding resistance R1
, but will 

become the port of line impedance feeding the transformer. 

Similarly, the resistance 1lB  will become the part of the load 

impedance. The resistance RA  and RB  will therefore have no effects 

on the characteristics of the transformer. Fig. 3.12 shows the 

waveform of the signal e:Aracted. Comparison with the waveform of 

the no-load current shows a precise agreement which was not achieved 

in the previous method. The phase relation of the signal when 

checked with the induced voltage 	was found to be the same as 

no-lo.ul current has with the induced voltage. The harmonic analysis 

of this signal was made and compared with that of no-load current. 

There appears to be no difference in the percentage content of the higher 

harmonics. 
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FIG. 3.11 	Arrangement for extracting a signal proportional to the excitation current 
by the differential of potential drop across series resistance. 
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(e) 

Oscillograms of the excitation current 
extracted by series resistance differential 
method. Waveforms correspond to phases as 
in Fig. 3.5. 

FIG. 3.12 
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3.4.3.3 Effects of ratio and phase ang13 error of an-
isolating transformer 

In a current transformer the primary current, and hence the 

voltage generated across the primary terminals, varies over a wide 

range. This affects not only the secondary current but also the 

ratio and phase angle error. A voltage transformer, on the other 

hand, although not operating at constant voltage maintains a flux 

density and hence excitation current that is independent of the 

secondary burden. It follows that the change of ratio, i.e. input 

voltage to output voltage, is dependent only on the effects of 

resistance and leakage reactance of the transformer. Since these 

two factors are easily controllable at the manufacturing stage, the 

variation of ratio or phase error is slight. The dependence of these 

errors on secondary burden is very linear and thus if the isolating 

transformers are operated at a secondary burden smaller than 

rated, the error will be small, 

Since the isolating transformers used to extract the 

voltage signal proportional to the excitation current were operated 

at very much lower burdens than their rating, the errors are assumed 

to be negligible and also constant over the range for which they 

were operated. 

Flexibility of the method 

This method, unlike the direct differential nethod, has 

no serious limitation regarding the voltage ratio of the transformer 

or the method of connection (in the case of a three—phase unit). 

The series resistance ratio in the input and output circuit can be 
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made proportional to the turns ratio of primary to secondary of the 

transformer under test and the series resistance ratio can even be 

combined with the isolating transformer ratio to give an overall 

unity ratio to the final output signals. This method of adjustment 

of series resistances ratio was used in the measurement of core loss 

of a single-phase "micro" transformer in Chapter 7, where the input 

to output voltage ratio was 8:1. 

The connections for a three-phase unit can either be star-

star or delta-delta, giving signals proportional to phase or line 

currents respc,ctively and the core loss thus can be measured. If 

the transformer has other connections such as star-delta or delta-

star, the series resistors on the star-connected side of the 

transformer can be adjusted such that the potential drop signals 

become proportional to the line currents and before making the 

vectorial subtraction one set of signals has to be shifted by an 

angle of 30°  to become in phase with the other side. The only 

precaution to be taken in the selection of the resistors is that 

they must be non-inductive. As power transformers have reasonably 

large input and output currents, any linear resistor (strip type as 

used in instrument shunts) with practically no inductance can be 

used to give a measureable potential drop signal. 
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CHAPTER FOUR 

POSSIBLE METHODS OF MEASUREMENT OF CORE LOSS ON LOAD;  
THEIR. COMPARISON, CHOICE AND LIMITATION  

4.1 	CORE LOSS 

The power losses constituting the hysteresis and eddy 

current loss due to alternating flux in a ferromagnetic core are 

commonly considered together and are referred to as core loss or 

iron loss of the device under consideration. These losses have 

been expressed analytically by a number of equations; the most 

representative ones are: 

Hysteresis loss 	
DChf (Bmax)11  

/ Eddy Current loss=P .)Eic I2  f 2 kl3
max) 

2-1 
ec 	ec 

(4.1) 

(4.2) 

here, 	U = volume of the core; 

Kb.  = material constant, quality dependent; 

K ec = material constant, resistivity dependent; 

f = frequency of alternating flux; 

B =peak flux density; max 

= thickness of lamination; 

n = exponent always having a value ==2.0, althp.gh the 
historical value of 1.6 given by Steinmetz" is 
often cited as representative (may only hold over 
a limited range of B

max
). 

The total power loss is thus the sum of these two losses 

and is given by: 

core loss = P
c 

= P
h 

P
ec 
	(4.3) 

The equations stated above are based on a number of 

assumptions which in practice may not be fulfilled and there could 



69. 

be a wide difference between the numerically computed loss and the 

experimentally measured loss. However, these equations give a real 

understanding of the relationship between the loss and variables. 

4.2 	THE CORE LOSS CURRENT 

Like the two components of power loss in the core, the 

core loss current is also divisible into two components, viz. 

hysteresis current and eddy current. Both of these currents flow in 

the circuit to meet the power loss due to hystersis and eddy current 

effects respectively produced in a ferromagnetic core on account of 

the periodically changing flux between the two limits of induction. 

If the wave form of the excitation current is analysed, it appears 

that the hysteresis current waveform leads the flux waveform and 

thus magnetizing current waveform by 90°  and is in phase with the 

induced voltage. The eddy currents circulating in the laminations 

have the direction such to oppose any change in the flux and thus 

to counter externally applied magnetomotive force tending to change 

the flux. 	• The counter e.m.f. in the circuit and hence the 

induction in the core must remain unchanged and to keep this, a 

component of the m.m.f. must be supplied to neutralise the effect 

of eddy currents. This component of the exciting current is in 

phase with the induced voltage and this is directly additive to the 

hysteresis current. It supplies the power absorbed by the eddy 

current loss in the core. In circuit terms this means that each 

eddy current path constitutes a short circuited one turn winding 

which is perfectly coupled to the primary. 



= .Kh'Uf(Bmax)n  
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4.3 	EQUIVALENT CIRCUIT WITH EDDY CURRENT AND HYSTERESIS LOSS  

A transformer excited through one of its windings with the 

other winding open circuited can be represented by the equivalent 

circuit shown in Fig. 4.1. 

Here, 	9.4  and G
ec are the two fictitious shunt conductances 

representing hysteresis and eddy current effects, 

Ih  and Iec are the currents through these conductances, 

Im 	is the reactive component of the excitation 

current which produces flux but does not supply 

any power loss associated with the magnetic 

circuit, 

E
1 
and V1  are the induced and impressed voltages in the 

excited winding. 

In terms of power loss, the above can be expressed as: 

Hysteresis loss: 

P
h = E1Gh = Elih 

2 (4.4) 

Eddy current loss: 

= cross-sectional area of core ih equations (4.6) and (4.9).) 
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FIG. 4.1 
	

Equivalent circuit of a transformer with 
open circuited secondary showing hysteresis 
and 'eddy currents. 
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FIG. 4.2 
	

Equivalent circuit of a transformer with 
open circuited secondary showing core loss 
current. 
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Since the conductances Gh 
and G

ec 
 are in parallel, the 

combination of these two can be represented by a single conductance 

Gc 
representing the core loss conductance such that: 

Gc = Gh + Gec 
	 (4.1o) 

Accordingly, a simple equivalent circuit can be drawn as shown in 

Fig. 4.2, where Ic  is the core loss current: 

I
c 

= I
h 
+ I

ec 

= GcE1 

The core loss P
c 
can thus be given by: 

P
c 

= G
c
E1
2 

= IcEi  = (Ih+Iec)E1  

(4.11) 

(4.12) 

= P
h 
+ P

ec 

4.4 	COMPUTATION OF CORE LOSS 

The published literature (see 1.) reveals that most of 

the work has been done for the measurement of core loss of a 

single lamination or a batch of laminations, the most popular one 

being the Epstein Square core loss test. This is because it is 

possible to make a number of assumptions in such a test regarding 

the magnetic homogeneities of the laminations, the uniformity of the 

flux density and purity of its wave shapc, the symmetry of the 

hysteresis loop and elimination of minor loops, all factors that 

influence the hysteresis loss measurement. Similarly, factors 

influencing the eddy current loss can also be controlled. These 
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are mainly, the electrical homogeneity of the laminations, constant 

thickness of the laminations, their perfect insulation and the 

maintenance of the flux direction parallel to the plane of the 

laminations. The results thus obtained remain very nearly within 

the range of numerical computation. 

Since these tests are performed with open circuited second- 

aries, the excitation current is wholly the current that maintains 

the magnetization in the core and thus the core loss can easily be 

measured by a wattmeter. The problem with a loaded secondary 

becomes difficult as the division of current into its load and 

excitation components requires a thorough investigation of the 

method to be used as discussed in 3.3. 

Once the excitation current has been extracted from the 

primary and secondary currents of the transformer, the product of 

its in-phase component with the induced voltage will represent the 

average power loss in the core: 

P
c 
 = E

l
l
e 
cos 0 
	

(4.15) 

here, 0 is the phase angle between E
1 
and I

e. 

The induced voltage can be picked up across the open 

circuited terminal of the secondary or any search coil wound around 

the core. 

Electrodynamic and induction wattmeters are fundamentally 

4.2 a 
designed on the basis that their torque is proportional to Vlcos p 

The electronic wattmeter
4.3 

and multipliers based on Hall effect
4.4 

have the same capabilities that their output contains a signal 

proportional to the product of the two input signals and the cosine 

of the phase angle between them. 



Over any time Lt, the average power is: 

8t 
P
avg 	

f v(t) i(t) dt 
Llt 

(4.17) 
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4.5 	INDEPENDENCE OF POWER ON THE HARMONICS IN THE  
CURRENTS AND VOLTAGES 

The instantaneous power absorbed by a circuit element 

through which an instantaneous fall of potential v(t) occurs in the 

direction of the current i(t) is: 

p(t) = 	v(t) i(t) 	 (4.16) 

If both the current and voltage are sinusoidal functions of time 

with the same period, the instantaneous power is the sum of a 

constant component and a sinusoidal component of double frequency. 

The double frequency component represents an oscillation of power, 

the average of which is zero. The constant component thus represents 

the average power and its value is given by: 

Pavg = V I cos 0 

Here, V and I are the effective (r.m.s.) values of sinusoidal varying 

voltage and current, and 0 is the phase angle between them. Tf both 

the current and voltage are functions of time with the same period 

but non—sinusoidal, they can then be expressed by Fourier Series as 

under: 

v(t) = Vdc  fgATI  cos(wt 4.(X1) FV2  cos(2w± 4.(X2) 

(4.18) 

1(t) = Idc  ATIl  cos(wt + 1 l)I2 cos(2wt 139) 	... 

(4.19) 
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here, 	Vdc 
and T

dc 	
are the direct components, 

Vl' V'  ..Il'  I2  are the effective values of the harmonic  components. 

Equations (4.18) and (4.19) can be expressed inconvenient form as: 

v(t) = Vdc + 
	tig Vk cos(kwt 0k) 

	
(4.2o) 

i(t) = Idc + 	2 I
n cos(nwt + pm) (4.21) 

where k or n is the order of harmonics in the voltage and current, 

respectively. The instantaneous power 

= p(t) = v(t) i(t) 

= VdeIdc + dc 

+ Idc 

 

(vrf Vk  cos (lcwt atc) 

   

Vk  cos(kwt + 	iff in  cos(nwt + Pn):1 

(4.22) 

When the last term of equation (4.22) is expanded, a typical term 

obtained would be: 

2 Vk  In cos(kwt + ak) cos(nwt + 13n) 
	

(4.23) 

From the trigonometric identity cos x cos y = 7)- cos(x+y) + cos(x-y)] 
1 

equation (4.23) will be simpli'ied as: 

VkIncos Etc. + n)ift 	+ 13n): 

+ VkIncos Ek-n)wt +(ak  - %).] 
	

(4.24) 
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A typical term as above can be expressed as the sum of two cosine 

components whose frequencies are the sum and difference of the 

frequencies of the harmonic components in the voltage and current. 

The last term of equation (4.22) from which this typical 

term has been evaluated is the summation of all such terms. The 

instantaneous power thus contains such harmonic components whose 

frequencies are the sums and differences of the frequencies of all 

the harmonic components in the voltage and current. 

The average power, Pavg, 
 is the average value of the 

instantaneous power taken over a complete cycle. In equation (4.22) 

the first term is constant and therefore its average value is Va  .c 
 
lac' 

The second and third terms represent harmonic components whose 

frequencies are integral multiples of the fundamental frequency. 

These terms represent harmonic oscillations in the power, and the 

average value of each such component for an integral number of 

cycles is zero. Equation (4.22) shows that when k 1  n, the power 

resulting from the product of a harmonic voltage of one frequency 

and the harmonic current of another frequency is the sum of two 

alternating components with zero average value. 

When It = n, the last term of equation (4.24) becomes: 

V
n
I
n
cos(an 	pn) = VnIn cos 0n 	(4.25) 

where An. = 0. —I3
n 
and is the phase angle between the nth harmonic n 

component of the voltage and current. 

The average value of the last term in equation (4.22) is 

thus zero for harmonic components of voltage and current of 

different frequency but is V
n
In 

cos 0
n 
for all the harmonic 
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components of voltage and current of the same frequency, consequently 

the average power is given by: 

avg 
= V

dc
I
dc 

 

V
n 
I
n 
 cos An (4.26) 

    

4.6 	METHODS USED IN CORE LOSS MEASUREMENT 

As discussed in 4.4, once the excitation current or a 

signal proportional to the excitation current of the transformer 

under test is extracted, the measurement of instantaneous power 

loss in the core can be done simply by the vectorial multiplication 

of this signal with a signal proportional to the induced voltage. 

This multiplication can be done by a number of devices. The devices 

used in the present work have been discussed in this section. 

The excitation current was extracted by the methods 

discussed in 3.4 and the induced voltage was taken from the open 

circuited terminals of the tertiary winding which has a unity ratio 

with the primary and secondary windings. The induced voltage signal 

was also available from the shadow winding of the transformer tested, 

the details of which are given in 6.1.3. 

Apart from the core loss measurement by indicating 

instruments, various other ways of demonstrating the instantaneous 

core loss are also available, giving a dynamichysteresis loop and 

the instantaneous power curve. These methods were also used in 

this work, as discussed in 4.6.4. 

4.6.1 	Measurement with dynamometer wattmeter 

When the excitation current has been extracted using the 

direct differential method or by means of current transformers, the 
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measurement of core loss can be made by a dynamometer wattmeter as 

for any other electric circuit or as in the open circuit core loss 

measurement test. The wattmeter current coil carries the 

differential current and the induced voltage is applied to the 

potential coil. The wattmeter used must be of low power factor type 

or with a relatively low potential coil resistance
4.5
'4.6 to allow 

sufficient current in this circuit to produce a good working torque 

as the current and voltage vectors lie almost in quadrature when 

the core is magnetized to a high flux density. 

The wattmeter used was a Weston Model S.67 Form 2 which 

has a compensation circuit to eliminate the indication of power 

consumption of the potential coil circuit from the instrument reading. 

The other meter used was a Cambridge Type 44371 A.C. test 

set in which a number of settings of input range switches for 

current and voltage can give a large ratio of W/VA and thus can be 

used at low power factor without loss of accuracy
4.7
. 

This method can only be used when the excitation current 

is derived either by direct differential method or through current 

transformers. The former is only possible for a unity ratio 

transformer and the latter is not an accurate method as shown in 

6.3.3. Due to these limitations, other methods were investigated 

as shown in the following sections. 

4.6.9 	Measurement with VAW meter Model 102 

The VAW meter is an electronic wattmeter
4.8 having two main 

amplifying channels. One channel takes the voltage signal proportional 

to the circuit voltage and the other a voltage"signal proportional. to 
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the circuit current. The voltage channels gain is adjusted in 

steps from 1.5 to 600 V by the "Voltage Range Switch", while plug—in 

type shunts are provided for current channel, each giving a 

potential drop of 0.045 V at the shunt rating. For measurement of 

voltage or current, the output of the respective channel is 

rectified after due amplification and supplied to a direct current 

meter to give a direct indication of the quantity being measured. 

For power measurement, after amplification both signals are suitably 

combined and applied to a multiplier which works on the square law 

principle. The response to the output of the multiplier on a 

direct current meter (D'Arsonval movement meter) will be 

Troportional to the product of the input signals and the cosine of 

their relative phase displacement angle. The output signal, however, 

also represents the instantaneous power flowing in the circuit which 

contains both d.c. and oscillating terms. The average of this 

latter term if taken over a complete cycle is zero. 

The VAW meter can be used to multiply two signals A and B 

of the same frequency if fed separately to its two channels and the 

response as stated above will be AB cos 0, where 0 is the phase 

displacement angle between A and B. On the basis of the above, the 

VAW meter was considered for use to measure the core loss of the 

transformer being tested as below: 

A signal proportional to the excitation current was taken 

by the series resistance differential method given in 3.4.3.1 and 

fed to the voltage channel of the meter. Another signal from a 

"Zenith" three—phase, phase shift unit with secondaries fed to a 

star connected resistive load allowing a current of 0.5A to flow in 

the current channel of the meter with 0.6 A shunt in the circuit. 
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This signal was shifted into phase with the induced voltage of each 

phase of the transformer under test, the differential current signal 

of which was fed to the voltage channel. The direct current meter 

reading was thus the product of two signals, one proportional to the 

excitation current of the transformer and the other in phase with 

the induced voltage, and the cosine of the phase angle between them. 

The VAW meter can work down to a power factor of 0.1 without any loss 

of accuracy and this was considered a better alternative to the 

dynamometer wattmeter for the measurement of core loss. 

The VAW meter output thus does not directly indicate the 

core loss but this can be computed if some kind of calibration is 

made. Since the main interest of the work was to study dependence 

of core loss on the load phase angle rather than to obtain numerical 

values of the core power loss, the actual readings were plotted as 

shown in Fig. 6.11 and compared with other results on dimensionless 

basis as shown in Figs. 6.13 and 6.14. No calibration curves were 

made to compute actual core loss. The phase alignment of the 

current vector taken from the phase shift unit with respect to the 

induced voltage was effected by feeding one signal to the X-plates 

of an oscilloscope with the internal time base switched off and the 

other to Y-plates. The straight line pattern on the screen indicates 

the alignment of both signals. 

4.6.3 	Measurement with a Ball effect wattmeter 

Since there were certain drawbacks with the VAST meter 

measurements, e.g. 

1. 	No direct indication of core loss can be given 

without calibration curves. 
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2. There are only two meters of this kind in the Department 

and, as discussed in 2.5, the most accurate method of core loss 

measurement for three-phase, three-limb transformers is to use 

the 3-wattmeter method. One VAW meter had therefore to be 

switched from one phase to the other. By doing so, the ohmic 

loss of the circuit components were also included in the phase 

under consideration, thus introducing an unbalancing factor 

into the system. 

3. The current vector taken from the phase shift unit had 

to be adjusted each time to align with the reference vector and, 

although made through an oscilloscope, a small error in phase 

alignment can affect the indication of VAW meter significantly. 

It was considered worthwhile to build a meter in which the 

above factors can be eliminated and the signal could be fed in 

directly. Hall effect multipliers were chosen for this purpose and 

a three-phase meter based on these multipliers was- made. Details 

of its construction are given in Chapter 5. A signal proportional 

to the excitation current was passed through the Hall plates and a 

magnetic field was produced by a very small current supplied by the 

induced voltage circuit. The output signal was proportional to the 

product of these signals and the cosine of their phase angle. 

4.6.4 	Derivation of core loss from the instantaneous power loss 

Since the output signals of both the VAW meter and the 

Hall effect wattmeter represent the instantaneous power containing 

the d.c. and oscillating terms, the area under the positive and 

negative half cycles respectively should represent the total energy 
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supplied to the circuit and returned by the circuit ever a period of 

one cycle. The difference of these areas will thus represent the 

energy consumed by the magnetic circuit. Ohmic loss due to winding 

resistance has already been eliminated from the power curve by using 

the induced voltage rather than the applied voltage as reference. A 

set of such curves was photographed for the three-phase transformer 

as shown in Fig. 4.3 for the summated output of the Hall effect 

wattmeter at different load power factors. These curves do show 

differences in the positive and negative half cycles but have not 

been evaluated to compute the core loss. The areas under these curves 

can be measured by planimeter and this was done in the case of the 

core loss measurement in the single-phase micro-transformer detailed 

in 7.6.4, where the instantaneous power signal was taken from the 

VAW meter. The comparison of these results with those of the direct 

indication by VAW meter has been given in Table 7.2. 

4.6.5 	Core loss display through dynamic hysteresis loss loop 

Since the area of the dynamic (or a.c.) hysteresis loop 

can be associated with the total core loss, 1,e. eddy current plus 

hysteresis, such loops if plotted with excitation current as abscissa 

and flux linkages as ordinates, have areas proportional to, and 

represent the total energy loss per cycle in the transformer core. 

Dynamic loops obtained on the above basis for different load power 

factors represent the energy loss per cycle at that particular load 

power factor. If core loss depends on load angle, the area of the 

loops will not be constant but will change with the power factor of 

the load. Since core loss measurement had shown its dependence on 

load angle, an attempt was made to display these loops on oscilloscope 



FIG. '1.3 . 
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Instnlltnrwous pm'/(~r curves for three-phase 
trnllsform~r representing summated core loss 
of all. tl~ree' pha,ses. . 

Diagrams (a), (b) and (c) correspond t~ 
P.li'.s .unity, C).f)l. lagging and 0.56· leading' 
respectively'. 
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by feeding the X-plates with a signal proportional to the excitation 

current extracted by method given in 3.4.3 and Y-plates with a flux 

linkage signal derived from a simple passive element (resistance-

capacitance) screened (co-axial) integrator of known efficacy. The 

loops were displayed at different load angles for the three-phase 

transformer, showing a change in the loop area for each phase with 

varying load angle (see Figs. 4.4, 4.5 and 4.6). However, it is 

difficult to associate these loops with increase or decrease in 

core loss, since as shown in 2.6 core loss in each phase is not 

positive and the total loss is the algebraic sum of the per phase 

losses. When, however, this experiment performed for the single-

phase micro-transformer, the change in the loop area was directly 

relateable to the load angle. The area increases with the capacitive 

and decreases with inductive load as for the results obtained by 

other measurement methods. The change is quite significant and is a 

very good means of displaying the loss and to show the dependence on 

load angle. These loops are shown in Fig. 7.12. 
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(a)  

(b)  

• (c) 

FTG. A.4 Dynamic hysteresis loop representing core loss 
of red phase in a three—phase transformer. 

Diagrams (a), (b) and (c) represent the P.F.s 
as in Fig. 4.3. 
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(a) 

(b)  

(c)  

FIG. 4.5  Dynamic hysteresis loop representing core loss 
of yellow phase in a three—phase transformer. 

Diagrams (a), (b) and (c) correspond to the 
P.F.s as in Fig..4.5. 
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(a)  

(b)  

(c)  

FIG. 4.6  Dynamic hysteresis loop representing core loss 
of blue phase in a three-phase transformer. 

Diagrams (a), (b) and (c) correspond to P.F.s 
as in Fig. 4.3. • 
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CHAPTER FIVE  

THREE-PHASE ELECTRONIC VANTMELER. USING HALL 
EFFECT MULTIPLIERS 

5.0 	INTRODUCTION 

The Hall effect
5.1  , since its discovery a century ago, has 

been used in a number of ways in the field of measurements. Most 

work has been done in the measurement of power flow in an electro-

magnetic field where conventional measuring instruments cannot be 

applied directly. Input limitations often require the conversion of 

the measured quantities into analogous ones, i.e. current into - a 

proportional voltage. In certain cases, the power to be measured is 

so small that a large percentage error is introduced during this 

conversion process. 

Probes based on this effect have shown their superiority 

in the investigation of magnetic circuit behaviour in machines where 

search coils could not be employed due to space limitations and to 

their dependence on flux density and frequency5.2. The most 

significant use of these probes is to investigate the flux pattern 

in d.c. machines where search coils only respond to the time varying 

component of flux. 

Hall effect metering has been developed considerably in 

the recent pas, following the commercial availability of cheaper 

semi-conducting mr,terials which exhibit -a greater effect relative 

to metallic conductors. 
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5.1. 	HALL EJ 'FtiCT 

If a transverse magnetic field is applied to a conductor 

carrying a current in the longitudinal direction, an e.m.f. is set 

up in the conductor at right angles to both the magnetic field and 

the conductor longitudinal axis. The effect is more pronounced in 

semi-conductors than in metallic conductors. Fig. 5.1 shows a 

crystal of semi-conductor placed in a magnetic field. Assuming a 

Cartesian co-ordinate system, if the field is in the Z-direction and 

the current through the crystal is in the Y-direction, the generated 

e.m.f. due to Hall effect will be in the X-direction. 

5.1.1 	Explanation of the Hall e.m.f. 

When a current carrying conductor is placed in the magnetic 

field, a force is experienced by the conductor, the direction of 

which is determined by the left hand rule. This force is in fact 

the sum of the forces on the individual current carrying charges 

and each charge under the influence of this force tends to move in 

the direction of force, i.e. at right angles to both the magnetic 

field and the axis of the conductor. This deflection of charges 

from their original paths creates a non-uniform charge density and 

thus a voltage gradient is set up within the conductor. 

5.1.2 	Magnitude of the Hall e.m.f. 

The magnitude of e.m,f. due to Hall effect can be given 

at any instant by: 

BT 
V = 	7  volts 

where, 	Rff  = Hall coefficient, VrinA 1 T-1 , 

B = Magnetic field density, T 1 
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FIG. 5.1  Semi-conductor element and Cartesian 
co-ordinate system. The polarity of 
Hall e.m.f. for mobile negative 
carriers is shown by positive and 
negative signs. 
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I = Longitudinal current in Hall plate, A, 

t = Thickness of Hall plate in Z-direction, m. 

The magnitude of the generated e.m.f. is dependent on RH  and t for 

specified conditions of operation, i.e. flux density and plate 

current. The thickness of the plate can only be reduced to a 

certain degree due to mechanical limitations. The Hall coefficient 

is a function of carrier concentration and mobility in the semi-

conductor; these two factors are, to a certain extent, controllable 

in the manufacture of the semi-conductor. 

5.2 	THE 'WATTMETER 

As discussed in 3.4.3, a signal proportional to the 

excitation current of the transformer of which the core loss measure-

ment is to be made can be extracted by ohmic voltage drop method. 

If this signal is fed to the Hall crystal and a field is produced by 

the current supplied by the induced voltage circuit, the generated 

e.m.f. signal will thus be proportional to the product of their in 

phase components, which in fact is proportional to the instantaneous 

power delivered by the circuit to the core to meet its energy loss. 

5.2.1 	The  Advantages  

The main advantages over dynamometer wattmeter are: 

1. It is practically independent of frequency over a 

considerable range. 

2. It has no moving mechanism for the process of 

multiplication. 
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3. It can be made compact in size. 

4. The introduction of errors for low power factor 

operation is far less than with a dynamometer wattmeter. 

5.2.1 	The Limitations 

The fundamental limitation of this wattmeter is its very 

small output which is in the range of mV. To measure this signal 

even on a highly sensitiveDiArsonval movement meter, which is 

probably the most common analog form of electrical measurement, some 

sort of amplification of the signal is necessary. Digital instruments 

can be used to process the signal directly due to their own built-in 

amplifier circuits. The selection of a proper digital instrument, 

however, requires a thorough knowledge of the circuitry employed by 

the manufacturer. For a.e. measurement an a.c. to d.c. converter 

is always inserted between the a.c. signal and the digital voltmeter 

which measures the d.c. voltage5.3. Depending on the method of 

conversion used, the display is derived from a mean sensing, a peak 

sensing or a true r.m.s. conversion. The latter can only be done by 

a thermocouple device. Thus much care is required in selecting the 

correct instrument for the type of signal to be processed. The 

output is usually calibrated in r.m.s. and a waveform with form 

factor other than a pure sinewave, i.e. 1.11, will result in 

erroneous measurement if the conversion is done on the basis of 

average of positive or negative half cycle. In the case of a peak 

responding instrument, the effect of a distorted waveform on the 

error in the output is much greater. 
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It is , however, convenient to take the signal to a moving 

coil instrument after due amplification. The instrument will respond 

to the mean value of the signal which is very much independent of the 

harmonics so long as the content of the harmonics is not so great as 

to produce such a distortion as to enable the waveform to cut the 

axis more than once in each half cycle5.4. 

For better accuracy, to measure the power of a low level 

signal, the optical type of galvanometer based on moving coil 

principle can be used, 

5.3 	CRITERIA OF CIRCUIT DESIGN 

The important consideration in the design of a circuit 

for any measuring instrument is the fact that its insertion in the 

circuit should disturb the circuit conditions to a minimum. 

Fig. 5.2 shows the basic circuit for the Hall effect 

single—phase wattmeter. The major component which will consume 

power other than the load, are RA, Rn  and 118. For a good design 

R8  and RE  should be minimum, with. RA  a maximum valued resistor 

when the meter is to be used for the measurement of power in an 

ordinary circuit. Since the meter 	is to be designed to 

measure the power, but in an unconventional manner, each circuit 

component needs a thorough investigation before assigning any value. 

Rs, if given a very small value, will give a very small 

p.d. signal which will require an amplification stage before its 

subtraction through isolating transformers. Since this resistor 

is connected in series with the input and load feeders, although it 
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FIG. 5.2 	Circuit for a single—phase Hall effect wattmeter. 

RA  = 2 ED + 250c? (variable) 

Rn  = 680c? + 25c? (variable) 

Rs  = Series resistance in the load circuit, value depends on the loa2 circuit current and 
wattmeter circuitry. 

Values of other components given in the text. 
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will consume power, 	this will not be indicated in the wattmeter 

measurement like an ordinary circuit due to its present position in 

the circuit where it becomes either the part of the line impedance 

or part of the load. 

Resistor R
B 
has a position such that the power dissipated 

by it is measured by the meter together with the load power. The 

power measured by the meter must therefore be corrected by subtracting 

the power consumed by this resistor from the measured value. The 

value of this resistor is defined by the circuit design. However, 

this resistor should be of such a value to allow sufficient current 

through Hall crystal to give a large ratio of Vs/watts. 

Resistance RA is decided on the basis of the required 

magnetic field in which the crystal is to be placed and the current 

rating of the magnetising coil. 	It should, however, be as high 

as possible compared to the reactance of the coil. 

On the basis of the above the following values were 

assigned to these components: 

RA = 2 E9 + 250c? (variable resistor), 

RB  = 680Q + 25c? (variable resistor), 

Rs  = •549 Q. 

The values of the other components are shown in 5.3.4 (manufacturer's 

data). The variable resistors were inserted in the circuits of RA.  

and RB  to adjust the total resistances of each circuit such that the 

same current should pass through the magnetising circuit or plate 

circuit when equal voltages are impressed on these circuits, 

respectively, for any channel in the case of the three—phase wattmeter. 
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5.3.1 	Frequency dependence of series resistor R 

The series resistance R should have no inductance so that 

the p.d. signal to be picked up across this resistor should give a 

direct measure of the current passing through it, independent of the 

frequency. The resistors used in this work are doubly-wound in 

opposition so that the magnetic field produced by one turn is 

nullified by another. 

	

5.3.2 	Frequency dependence of the magnetizing coil circuit  

The impedance (RA  + Ro  +CLIL0) of the magnetizing coil 

circuit is frequency dependent. On the low range of frequency when 

the effect of the stray capacitance is negligible, the percentage 

increase in the impedance over zero frequency can be given by: 

Let the impedance at zero frequency = Z1  = RA  + Ro. 

Let the impedance at Wfrequency = Zn  =ARA+R o
)24 (c01,0)2.  

tZ1 percentage increase in impedance - 2- 	x 100% hi  

[r(RA+R0)2  + (WL0)2  - (R,+R ) 
	  x 100 

x 100 

[ ii)L o 2 2-- - 1 x 100 % 
11 4. (R  A --Thc ) i  

WLo  , 
=50( 	)- % if R A" o 

WL 
(R t 

The ratio of COLo/RA  is thus the deciding factor for the range of 

frequency over which the meter can be used (Ro  being<CRA). This 

ratio is also very important to reduce the phase shift error, as 

(3t R ) 

ityc (R 	1_1°1  ) } - (nA+Ro) 
COL 2 / 

[ A o A o  
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explained in 5.3.3. The percentage increase in the impedance of 

present circuit at 50 lIz is almost negligible. 

5.3.3 	Phase shift error 

A small phase shift in the magnetizing circuit current and 

the magnetic field produced by it is inevitable due to the inductance 

of the magnetizing coil. The simplest way to eliminate this error is 

to shift the phase of the current through the crystal by the same 

angle. This can be done by providing the plate current circuit with 

an inductance of similar impedance characteristics to that of the 

magnetizing coil circuit, i.e. the resistance to inductance ratio of 

both the circuits should be the same: 

+ Ro 	RB  + R
C 

Lo 
L
B 

where, 	LB  is the inductance inserted in the plate current circuit. 

In the multipliers used, an additional coil of the same 

characteristics as that of the magnetizing coil is provided by the 

manufacturer. Initially this coil was used in the plate circuit, 

but later on eliminated for the following reasons: 

1. 	 The resistances RA  and RB  are not of the same value, 

being decided by other parameters, whereas Ro= Rand  Lo  = LB. 

The phase shift in each circuit was different and thus 

additional errors were introduced, as 

itA  + Ro 	n + R 
F 

L
B 

2. 	The ratio'of RA/ o  being very small did not introduce 

significant shift in the magnetizing coil circuit current which 
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was checked individually and found to be around 0.25°  at 50 Hz 

in each multiplier. 

5.3.4 	Manufacturer's data for the multipliers  

The manufacturer's data of the multipliers type HMCI used 

in the construction of the wattmeter are as under: 

Plate current = 300 mA r.m.s. maximum 

Coil current = 200 mA r.m.s. maximum 

Coil inductance (Lo) = 22 MH nominal 

Coil resistance CRo) = 9Q nominal 

Plate input resistance (The  )=2-8 

Plate output resistance = 5-15Q 

— Sensitivity 	= .0044—.0066M, mA 1  01)1  

Misalignment voltage 	< 3.0 mV for 200 mA plate current. 

5.4 	SOURCES OF ERROR IN MULTIPLIER OUTPUT AND THEIR ELIMINATION 

5.4.1 	Introduction 

The inputs to Hall effect multiplier are the current and a 

magnetic field. If the plate current Ic  is varied according to signal 

X and the magnetic flux density to signal Y, the output signal VII  in 

the case of a perfect multiplier assuming no phase displacement between 

the sources of these signals would be: 

VH = I(XY volts 

here, 	K is the constant, dependent upon Hall coefficient and 

the thickness of the plate. 
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In practice, the output signal contains the above plus a 

number of other signals, introduced by certain factors, which 

requires a thorough understanding for their elimination from the 

output. These factors can be divided into three main categories 

according to their nature: 

1. Coupling between input and output, 

2. Non—linear processes within the semi—conductor, 

3. Operational conditions. 

5.4.2 	Errors due to coupling 

The introduction of these errors in the output is essentially 

due to the magnetic coupling as follows: 

1. Between the magnetizing field and output, 

2. Ball effect due to the magnetic field produced by the 

input, current which is also perpendicular to the plane of the 

crystal, thus it could be either additive or subtractive to the 

main magnetic field, depending upon the direction of current 

flow. 

3. Mutual inductance between input and output loops. 

The above errors generally depend upon the physical arrangement of 

the multiplier and can be minimised by the proper selection of 

crystal's geometrical parameters, positioning of the magnetizing 

coil with respect to the plate and the arrangement of the input and 

output leads to have minimum mutual coupling between these loops. 

This error minimisation is, however, achieved at the expense of the 

conversion efficiency. 
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The multipliers used in this work are factory assembled 

and housed in sealed containers with pins brought out. There is 

therefore no possibility of checking any of the above factors. One 

must select the appropriate grade of multipliers from the manufacturer's 

data sheet and accept his accuracy data. 

5.4.3 	Error due to non—linearity 

These errors are inherent in the semi—conductor crystal 

and the most common of these, which can become a large percentage 

of the output signal if no precautions are taken for their 

elimination, are discussed in this section. 

5.4.3.1 	Imbalance error  

The fundamental requirement for the output contacts is 

that they should be placed on a common equipotential for current 

flowing in the input circuit in the absence of magnetic field, so 

that there is no output when the field is zero. In practice, 

however, this is not possible and there is always a residual 

imbalance, although much care may be taken in soldering the contacts 

on the semi—conductor. The usual way to eliminate this error is to 

feed a part of the input into the output circuit in opposition to 

the unbalanced voltage present there. The manufacturer's data given 

in 5.3.4 quotes a misalignment voltage 3 mV at a plate current of 

200 mA and recommended a circuit to balance out this misalignment 

as shown in Fig. 5.3. This circuit was tried but a complete balance 

was not achieved. A small voltage was detected on amicro voltmeter 

when d.c. was passed through the plate in the absence of a magnetic 

field. A slight increase was recorded with the application of a.c. 
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The percentage reduction in the error depends on the 

accuracy of measurement required and since a variation in the output 

as little as 1% is of much importance in the present measurements, 

other circuits given by Barlow5.5 were tried but little improvement 

was achieved in the reduction of this error. Finally the circuit 

shown in 10  g. 5.4 and devised by Kuhrt5'6  was used. In this circuit 

two potentiometers R and RI 
were used instead of one. Additionally 

two resistors R and R2 were also employed. These resistors not 

originally used by Kuhrt were used in this circuit for the following 

reasons: 

1. 	 Reduction in the values of the potentiometers is 

possible and finer adjustment can be made as resistance/travel 

ratio is reduced. 

A resistor larger than the plate input resistance is 

always present between the input and output terminals and the 

chance of any malfunctioning in case of accidental short 

circuit between these terminals is avoided. 

5.4.3.2 	Feedback error 

This error is due to the generation of Hall voltage in the 

input circuit when the current is allowed to flow in the output 

circuit. This error can be minimised as a percentage of the desired 

output by increasing either source impedance, load impedance or both. 

Since it was not possible to increase source resistance due to its 

effect in limiting the plate current, the alternative was to increase 

the load resistance and this was done as detailed in 5.6. The 

reduction of this error can be done at the expense of the conversion 
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efficiency. Therefore, the load impedance cannot be increased without 

a check. 

5.4.3.3 Magneto resistance error 

The Hall plate can be considered as- a bridge with four 

resistive arms which are balanced at -zero flux density. If under 

the influence of a magnetic field, the proportional increase of 

resistance in one arm of the bridge is more than the others, the 

bridge becomes unbalanced causing additional error. The elimination 

of this error is possible through the same circuit which is employed 

for imbalance error by making the final adjustment in the output 

signal on the application of the magnetic field. 

5.4.3.4 Rectifying contact error 

The resistance between the input and the output could be 

non-ohmic due to rectifying contacts.. This can introduce a 

significant error and can be eliminated only by balancing circuit. 

However, this error has not been reported in the low resistivity 

semi-conductors5.7 which have been used in HMG series multipliers. 

This effect is much pronounced in high resistivity semi-conductors 

such as germanium
5.8
. 

5.4.4 	Errors due to operating conditions  

There are certain errors which are associated with operating 

conditions and must be kept in view while using Hall effect 

multipliers: 
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1. 	Magnetic saturation error - this error is introduced 

when magnetic circuit is operated at high flux density and 

drives into saturation. 

	

0. 	Temperature sensitivity of semi-conductor. Different 

semi-conductors have different sensitivity to temperature. Some 

materials are extrinsic at room temperature and therefore their 

conductivity does not vary greatly,with temperature, on the 

other hand materials intrinsic at room temperature undergo a 

large change in conductivity with fluctuation in the temperature. 

	

5.5 	FINAL BALANCING CIRCUIT 

On the basis of the foregoing discussion, the balancing 

circuit shown in Fig. 5.4 was adopted and the values of circuit 

components selected for each multiplier,by balancing the output 

• against null position of a d.c. micro-voltmeter in the absence of 

the magnetic field. The final adjustment was made by passing an a.c. 

current through the plate in the presence of a 50 Hz magnetic field. 

The output signal was monitored on an oscilloscope and getting an 

exact symmetry between positive and negative half cycle of the 

output signals. The component values are given in Table 5.1. The 

potentiometers were locked in the final adjusted position by 

"collet" type spindle locks. 

The output signal from each multiplier was taken on a 

"Unilab" 1.0 EA F.S.D. moving coil instrument through its micro-

amplifier type 002.601. The output response of each unit was 

checked providing a fixed field against varying plate current at 

U.F.F. and plotted acoordingly in Fig. 5.5. Similarly, the output 
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FIG. 5.3 	Manufacturer's recommended balancing circuit. 

0 	 K X Y 

Rp 	R' 

	

0 	 

	

0 	 

X 

	0 

FIG. 5.4 	Balancing circuit used. 

— 	Multiplier No. R1 . 	
R2 Rf  Rp 

Recommended: 470 470 250 - 
(for all multipliers) 

Used: . _ 
1 10 2000 2000 25 

2 2200 100 250 25 

3 1000 1500 500 50 

All values in Ohms. 
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with fixed signals but varying phase angle was checked and plotted 

in Fig. 5.h. Excellent linearity is shown with little scatter of 

measured values. The output of each multiplier with the same input, 

however, differs slightly which is due to the difference in their 

conversion efficiencies. 

5.6 	THE SUMMATION OF SIGNALS 

The circuit used for summation of output signals from three 

multipliers is based on the operational amplifier. The response of 

this circuit is remarkably good even in the addition of signals of 

different frequencies and phase displacements5.9. The output 

signals which are available from the multipliers and are to be 

added have the following characteristics: 

1. Are non-sinusoidal and displaced from each other 

by = 120°. 

2. Have no common potential. 

3. Output signals have no isolation with the inputs 

(contacts soldered on the same plate, forming a four-arm 

bridge). 

Have negligible source impedance. 

In view of 2 and 3, the direct summation of signals is not possible 

as this will provide a path to circulate a current within the 

multipliers and thus additional complications. To overcome this 

problem of isolation and a common potential reference, a coupling 

circuit, known as "subtraction" circuit, was designed as shown in 

Fig. 5.7. 
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Output of individual multiplier against varying - 
plate current but fixed magnetic field and phase 
angle. 

FIG. 5.6 	Output of individual multiplier against varying 
phase angle but fixed magnetic field and plate 
current. 
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5.6.1 	The subtraction circuit 

An operational amplifier 741 was used in differential mode. 

The d.c. supply to the operational amplifier was from a ± 10 V d.c. 

source and the offset null was achieved by the feedback through a 

10 0 preset control with a 5005 preset control in series for 

finer adjustments. One such subtraction circuit was provided on the 

output side of each multiplier, thus giving an output signal having 

potential with a common reference and also with considerable 

isolation as the input impedance is very high when compared to output 

impedance. Since it was possible to get an amplification from this 

circuit along with the above, the selection of RF  and RA  was made 

such that a gain factor = 1.76 was achieved from the output circuit 

of multiplier one and two while a gain factor = 1.85 was achieved in 

three. This was done to reduce the difference in the output of the 

multiplier due to their conversion efficiency. The final output 

signals from the subtraction circuit were therefore nearly equal 

for the same input signals. This is shown in Fig. 5.8. 

5.6.2 	The summation circuit 

The operational amplifier circuit referred to in 5.6 for 

summation signals can now be employed without any problem as the 

requirement of. isolation and of common point potentials have been 

achieved through the subtraction circuit. Due to the possibility 

of large amplification by the use of an op. amp. circuit, it was 

decided that the output of the summation circuit should be of such 

a magnitude that it could deflect the movement of a high resistance 

moving co :n instrument, thus the true mean value of the Hall e.m.f. 

can be related directly to the power loss of the core. A moving 



0 
20.0 0 

FTG _. 5.8 

4.0 	8.0 	22.o 	16.0 
• 

PLATE CURRENT MA 

Output of individual multiplier from subtraction 
circuit against varying plate current as in Fig; 5.5. 

RF
=10K 

RA=5.6K 

RA-5.6K  741 

RD=lOK 
	0 

FIG. 5.7 	Subtraction circuit. 

0.4-- NO: 1&2 
C-I 

P4 

0,2 — 

1.0 

0.8 

0.6 
Multiplier NO: 3 

108. 



109. 

coil voltmeter with a coil resistance of 1200c2 and F.S.D. of 100 

micro A was selected. By the addition of external resistances the 

meter was calibrated to give a full scale deflection of 0.3, 1.0, 

3.0 and 10.0 V through a selector switch. A polarity reversing 

switch was also included in the circuit so that any indication below 

zero can be read on the scale without altering the connection. 

The gain and bandwidth of a perfect op. amp. is infinite 

and ideally the output voltage is controlled by the ratio of R
F 
to 

RA or out 
= (-VinE 

	
However, in a commercial op, amp. it is not 

A 
possible to match the input transistors and therefore there is 

always some input voltage offset and input current offset. 

Similarly the differential input impedance between the input 

transistor bases is less than infinity and the output impedance of 

the amplifier is greater than zero. In view of this, at very large 

gain the op. amplifier in some circuits introduces some error. 

Since the aim was to get an output of such a magnitude which can 

deflect the movement of the above instrument, the output signals 

from the subtraction circuit were treated in two stages. In the 

first stage the addition was done with a gain factor of 23.8 and at 

the second stage a closed loop gain of x 10 was obtained. The 

total gain of this circuit is thus x 238. The circuit is shown in 

Fig. 5.9. 

' 5.7 	CALIMATION OF VATTMETER 

The outrat was measured by the moving coil instrument when 

the meter was meailuring pover in a pure resistive circuit. The plate 

current, as dravm from a O.55Q resistance in each phase of the supply 

and fed o the Hari plates through isolating transformers of 1:5 
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-FIG. 5.9 	Two-stage summation and amplification circuit for 
three-channel Jinn effect wattmeter. 



ratio. These isolating transformers are the same as used in the 

actual measurement of the on—load core loss and the same turn ratios 

were taken both for calibration and actual measurement. The 

wattmeter was calibrated at U.P.F. on 10 V scale and as the actual 

measurements are to be taken where P.F. is at very low range (being 

excitation current and induced voltage nearly in quadrature), the 

meter can be switched to the low range of the moving coil 

instrument for more accurate reading. 

5.8 	PUWER. CONSUMPTION OF WATTMETER 

The power consumption of the meter is quite appreciable in 

comparison with the measured power due to the introduction of the 

large swamping resistors in the magnetic circuit. It is, however, 

comparable to the conventional dynamometer wattmeter. 

The total power consumption for a three—phase circuit of 

10 A and 110 V per phase delivering power at U.P.P. would be: 

Hall plate current (using 1:5 isolating 
transformer and taking p.d. across.55Q • 
resistor)_ 	 = 35.5 mA 

Watt loss per phase 	 = 0.9 W 

Watt loss per phase in magnetic coil circuit = 6.0 W 

Total watt loss in three phases 
	20.7 W 

Total power delivered to load 
	= 3 	x 1103 = 3300 

Percentage of power consumed in the wattmeter' 
of the total power delivered 	= 0.6570 

The power dissipated in R on both primary and secondary side is a 

major factor, but this is not affecting the wattmeter reading. This 

power loss too can be reduced to a greater extent by using the isolating 
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transformers of large turn ratio and thus reducing the values of these 

resistances accordingly. Since small non-inductive resistances were 

not available in the laboratory, this power loss could not be reduced. 

5.9 	CORRECTION FOR POWER CONSUMED 1N THE WATTMETER  

The error introduced in the wattmeter reading is only due 

to the power consumed in the Hall plates circuits. Since this is 

less than 1 watt per phase for the conditions given in 5.8 and which 

are very near to the transformer to be tested, it was decided not to 

make any correction in the final reading of the wattmeter due to the 

above, and also: 

1. The concern is more towards the relative losses at 

different load power factor rather than to the actual losses. 

2. The introduction of the isolation transformers has 

introduced another source of error into the measurement, which 

though negligibly small is difficult to predict. 

5.10 	SENSITIVITY OF WATTMETER 

The design data given by the manufacturer specify the 

sensitivity of the Type HMC1 multipliers as .0044-.0066 mV.mA-2-(ATii. 

The output obtained from each multiplier is shown in Table 5.2 on the . 

basis of which the sensitivity of the meter is calibrated as 103.6 mV. 

mA
-1 

R.M.S. In terms of power measurement, the calibratioll with 

respect to true mean value of Hall e.m,f. indicated by moving coil 

meter is very nearly 1 mV.W
-1
. 



Multiplier 
number 

* 
Sensitivity. 

1 	i 
mV.mA :L OT) 

Subtraction 

Gain 

circuit 

Output 
-1 mV.mA 

Summation and 
Amplifier Circuit 

circuit 	. 
-1 mV.mA 

sumated 
output 

1 mV.mA 

1.  .00486 1.76 .1411 	. 3i.27 
103.06 

2.  .00488 1.76 .1417 34.41 

3.  .00464 1,85 .1416 34.38 

1. * 	Values established using d.c. quantities and a micro-digital voltmeter. 

2. Circuits outputs expressed in r.m.s. 

0 56 
3. Gair of summation and amplifier circuit = 2

5 x 
.1 T 

_ 
X- 

238.09.  
-)Ht. 

4. Indication on moving coil instrument -.41  93 mV. 

TABLE 5.2 	Sensitivity of wattmeter. 
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Fig. 5.10 shows the calibration curve for circuit power 

against Hall o.m.f. (final output from wattmeter) taken on 1.0 V scale 

of moving coil meter. This calibration was made using isolating 

transformer of 1:25 ratio to limit the energy wasted in the resistive 

load. 
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FIG. 5.10 	Calibration curve of three-phase Hall effect wattmeter. 
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CHAPTER SIX 

EXPERIMENTAL ARRANGEMENTS AND TEST RESULTS 

6.1 	'LIU, TRANSFORMER AND ITS CHARACTERISTICS 

6.1.1 	Core 

The transformer on which the tests were performed was 

designed and constructed in the Department for a previous project to 

investigate the effects of over-fluxing. 

The three-phase core was assembled from phosphate-coated 

laminations of coiled rolled grain orientated steel grade 51, the 

material used for CEGB generator transformers. These laminations 

were not annealed after slitting and cutting so as to exhibit 

more losses. Butt joints were provided between the legs and yokes. 

The laminations were held in position and under even pressure by 

wrapping "cellotape" around end joints and steel banding (insulated 

with "Permaglass XE6" buckles to prevent short circuits around the 

core flux) around legs and yokes to provide ample pressure on 

laminations to keep them in place. Finally the top and bottom yokes 

were held between wooden beams. 

6.1.2 	Search coils 

Nineteen search coils, eachhovingten turns of 23/.0076 

flexible cable, were wound around limbs and yokes and their ends 

brought out to a wooden terminal board fixed to the bottom yoke 

clamp. The arrangement is shown in Fig. 6.1. 



117. 

3 4 
• 

1 2 

16 

15 

14 I 	 

J 17 

18 

19 1 9  

13 12 11 10 

0 1  o 

0 16 0 
0 15 0 

o 14 o 

0 2  0 

0 17 0 

0 18 0 

0 19 o 

0 3  0 

010  0 

0 110 
12 

0 	0 

0 13  0 

0 

o 4 

0 6  
0 7 

0 6  
0 9 

Or 

0 

0 
0 

0 
0 

FIG. 6.1 	Position of search coils and their terminal 
marking. 
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b.1.3 	Main windings  

The transformer was designed to have three windings per 

phase each of 55 turns of enamelled copper conductor with rectangular 

section 0.18 x 0.07 in. With each turn of each main winding, a 

shadow winding turn of 1 S.W.G. enamelled copper wire was wound. 

The coils were wound on synthetic resin bonded paper cylinders of 

*" thickness and 4.5, 6.0 and 8.0 in. outer diameter. Ends of the 

windings were brought to a terminal board fixed to the top yoke 

clamp. A three character code was used to designate each terminal. 

Facing the terminalboard, the left hand side limb was designated as 

red phase, middle as yellow and right hand side limb as blue phase, 

respectively. 

The terminals were marked as under: 

First character..  Second character 

R - 	Red phase - 	Inner winding 

Y - 	Yellow phase 2 - 	Middle winding 

B 	- Blue phase 3 - 	Outer winding 

Third character 

T - Top end of 
winding 

B - Bottom end 
of winding 

The shadow windings were similarly designated, but their teminals 

are of small size to differentiate between the windings. 

6.1./1 	Rating  

The transformer was nominally rated 5 kVA and designed to 

work at a flux density of 1.8 T to give 2 volts per turn or 110 V, 

per phase and nominal phase current is 15.2.A. The thermal rating 

of the main winding conductors is, however, much larger than their 

nominal current rating. The high flux density design was adopted in 
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view of the fact that CEUB generator transformers manufactured from 

the same core material to work in this flux density range gave rise 

to problems of core heating at leading load phase angles. However, 

although the working flux density was that of a generator transformer, 

the test transformerfs per unit characteristics were not. The 

assembled transformer and the experimental arrangements are shown 

in Figs. 6.2 and 6.3. 

PARAMETERS FOR CORE LOSS MEASURDIENTS 

In practice, generator transformers are operated at a 

constant terminal voltage on the generator side and the matching 

system voltage is maintained by tap change facility on the high 

voltage winding6.1, This condition is maintained even when the 

system is exciting the machine with MVAr, a condition under which 

A high voltage per turn exists on the high voltage winding. 

In view of the above it was decided to operate the trans-

former with fixed input voltage of 110 V (fixed induction) and a 

fixed output current of 10 A. The latter was not necessary but was 

used by reason of the thermal rating of the input winding. 

6.3 	EXPERIMENTAL ARRANGEMENTS 

In an attempt to simulate experimental conditions similar 

to those of a generator transformer connecting a generator to a 

system, the input windings of the transformer were connected to a 

GEC 20 kVA d.c. motor driven alternator. The fields of the motor 

and of the alternator field exciter were controlled through two 

different motor generator sets using a Ward-Leonard system. The 

transformer output windings were connected to the 2k00 V 3-phase 



FIG. 6.2 	Assembled three-phase, three-limb transformer with terminals brought out. 



FIG: 6., 	Experimental arrangement for on-load core loss measurement. 
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.laboratory mains through an induction regulator to stop up the voltage 

and a synchronising switch. Although the control on voltage and phase 

angle was quite satisfactory, due to certain other machines operating 

on the same mains for experimental purposes or to drive ancillaries, 

the mains voltage fluctuation was so frequent that it was difficult to 

obtain consistent measurements. It was therefore decided to modify 

the arrangements and the secondary was connected to a three-phase 

static load consisting of adjustable resistors, capacitors and 

inductors in a mesh combination. The input side was connected to 

the mains through three single-phase autotransformers. Since the 

current rating of these was insufficient to meet the requirements, a 

three-phase two-winding transformer of 2:1 ratio was provided between 

the input side and autotransformers. 

6.4 	MEASUREMENT OF LOAD POWER FACTOR  

The power factor of the load was measured either by a 

phase angle reading meter connected in the load circuit or by the 

measurement of the total load current and of the currents flowing in 

each branch of the load (depending upon the availability of the 

instrument). Since the capacitors and the inductors were connected 

through a change-over switch with the resistors in such a way that 

either of them could be "switched in" in parallel with the resistors 

the power factor can be calculated from the currents as: • 

2 (IR ,_ I 	n  Ion 
Power Factor = T  

21kt 	jj 

where, 	I = Total secondary current, 

TR  = Current flowing in the resistive branch, 

IL  = Current flowing in the reactive branch. 
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6.5 	CORE LOSS TESTS AND TEST RESULTS 

The following methods, described in detail in Chapter 4, 

were used to measure the core loss: 

1. Open circuit (no-load) test method, 

2. Direct differential current method, 

3. Current transformer differential method, 

4. Series resistance differential method. 

6.5.1 	Open circuit (no-lo :d) test for the measurement of 
core loss 

The open circuit test was performed according to B.S. 171 

by exciting the primary from the alternator with the secondary open 

circuited. The supply voltage was measured by a "Ballantine" Model 

321. electronic voltmeter indicating the average and true r.m.s. 

values of the input voltage waveforms. A low power factor wattmeter 

was used in compensated mode and the potential coil of the wattmeter 

was connected across the voltage induced in the shadow coil wound 

with the input winding so as to eliminate the ohmic loss due to 

excitation current from the measured loss. Three-wattmeter method 

was used to measure the core loss. The total core loss (algebraic 

sum of the three wattmeter readings) has been plotted against supply 

voltage as shown in Fig. 6.4. 

6.5.2 	Direct differential current method  

The "finish" end terminals of each of the windings No. 2 & 3 

of each phase were connected together and the common connections 

brought to a three-channel 30 A jack-socket, the output secondary 
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FIG. 6.4 	No—load core loss measurement•of three—phase 
transformer with open circuited secondaries. 
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terminals of which were connected together to make the neutral point 

of the system, thus making both windings Y-Y connected system. The 

Istartl end of the No. 2 windings were connected to the supply and 

those of No. 3 to the load. The differential current from the jack-

socket was fed to the current coil of the wattmeter, the potential 

coil of which was connected across the induced voltage of the 

corresponding no. 1 winding. The core loss for each phase was 

measured by jacking the current coil of the wattmeter from one phase 

to another and switching the voltage to the potential coil 

correspondingly. The circuit diagram is shown in Fig. 6.5. 

Measurements were taken over a range of load power factor and total 

core loss values plotted against the power factor, as shown in Fig. 6.6. 

6.5.3 	Current transformer differential method 

The transformer was connected in Y-Y with isolated neutral. 

The supply was connected to no. 2 winding. A current transformer 

type AL on which 12 turns were symmetrically wound to have unity 

input/output ratio with its winding marked M-100 was connected in 

series with the supply. The load was connected to no. 3 winding having 

a similar unity ratio C.T. in its circuit as the input side. The 

secondaries -of these C.T.s were connected differentially so that 

the difference current, equal to the excitation current of the 

test transformer, could circulate in the current coil of the watt-

meter connected in this circuit. The potential coil of the wattmeter 

was connected across the induced voltage of no. t winding. Since 

only one pair of C.T.s was available, this had to be switched from 

one phase to another through the three-channel jack socket box, the 

voltage circuit of the potential coil being switched appropriately. 
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FIG. 6.5 	Circuit for measurement of core loss by direct differential method. 
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A similar test was performed with type CM C.T.s, wound 

with 8 turns to make unity ratio with their 40 A winding. The 

circuit diagram is shown in Fig. 6.7, core loss measurements taken 

over a range or load power factor and plotted against the same for 

both type of C.T.s are shown in Figs. 6.8 and 6.9. 

As discussed earlier (section 3.4.2) the losses measured 

by this method, due to the inherent and operational errors of C.T.s, 

neither represent the correct magnitude nor their dependence on the 

load power factor. 

6.5.4 	Series resistance differential method 

The transformer was connected in Y-117 with isolated 

neutrals. Three-phase non-inductive calibrated resistors were 

connected in series with the input and with the load feeders of the 

transformer. The p.d. signal from each resistor was fed to an 

isolating transformer of 25 VA rating with 0-24-120-240 tappings on 

each winding. The secondary of the input feeder isolating 

transformer was connected differentially to the secondary of the 

load feeder isolating transformer such that the output signal was 

proportional to and in phase with the excitation current of the 

test transformer. The circuit diagram is shown in Fig. 6.10. Two 

methods were employed to process this signal and relate the results 

to the core loss of the transformer under test. 

1. 	By VAW meter: 

As discussed in 4.6.2, the differential signal was multi-

plied with a fixed current signal taken from a separate source and 
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FIG. 6.8 	Core loss measurement by C.T. differential method 
- C.T. type AL. 

130. 

1.0. 	 0.5 
	0.1 

POWER FACTOR 

FIG. 6.9 	Core loss measurement by C.T. differential method 
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shifted in phase with the induced voltage. The multiplication was 

effected by the multiplying circuit of VAW meter after processing the 

signals through its voltage and current channels. The core loss 

signal was measured over the range of load power factor. Since the 

meter was not calibrated to give readings in watts, the meter 

readings were plotted against load power factor as shown in Fig. 6.11. 

2. 	By Hall effect wattmeter: 

The differential signals were fed to the plates of the Hall 

crystals which were in the magnetic field produced by the current 

flowing due to the induced voltage of no. 1 winding of the 

corresponding phase. The output signal from each multiplier was 

proportional to the power loss associated with each limb of the 

transformer. The final output signal was the summation of all three 

phases. As the meter was calibrated as described in Chapter 5, the 

output was directly relateable to the core loss. Measurements were 

made over the range of load power factor and plotted against the 

same as shown in Fig. 6.12. Dimensionless plots on the basis of 

unity power factor for measurements made by all the methods described 

in this chapter were plotted for leading and lagging power factors 

for comparison purposes and have been shown in Figs. 6.13 and 6.14 

respectively. 

A statistical comparison between the results of VAW and 

Hall effect meters taken from the dimensionless plots has been 

shown in Table 6.1. 
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Core loss measurement by resistance p.d. differential 
method, using VAW meter. 
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FIG. 6.12 	- Core loss measurement by resistance p.d. differential 
method, using Hall effect wattmeter. 
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Comparison of core loss ratios measured by different 
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FIG. 6.14 	Comparison of core loss ratios meamred by different 
methods at lagging P.F. load. 



Load 
P.P. 

/cage.  lo ,,s variation with respect taU.P.F. 

AM meter measurement Hall effect wattmeter 
measurement 

Leading: 

.95 5.0 4.0 

.9 9.0 8.0 

.8 11.5 11.0 
.7 13.0 13.0 
.6 14.0 14.0 

.5 15.0 15.5 

.4 16.0 16.5 

.3 17.0 18.0 

.2 19.0 20.0 

.1 20.0 21.0 

Lagging 

.95 4.0 4.0 

•9 4.5 3.5 
.8 3.5 3.0 

.7 • 2.5 2.5 

.6 1.5 1.5 

.5 .5 1.0 

.4 0 0.5 
.3 (-)1.0 0 

.2 (-) 20 ( 	)0.5 

.1 (-)2.5 (-)I.0  

(-) shows loss less than U.P.F. 

TABLE 6.1 	Comparisan'of core loss measurement by VAW meter 
and Hall effect wattmeter. 
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6.6 	ADDITIONAL RESULTS 

Since the series resistance differential method proved to 

be more realistic for the extraction of the excitation current from 

the input and output currents of the transformer under loaded 

conditions, some additional investigations were made while measuring 

the core loss and a few of the useful observations are discussed 

below. 

6.6.1 	Excitation current and load power factor 

In the case of the no-load test, Chapter 2, it was observed 

that the ratio of excitation currents taken by each winding to 

provide the required induction in the core was 1.0:0.69:1.0 (R:Y:D). 

Under loaded condition in three-phase three-limb transformer this 

ratio does not remain the same and the phase excitation currents 

tend to equalise. The middle limb current is increased over its 

open circuit value and the ratio at U.P.F. is 1.0:0.725:0.98. As 

the power factor becomes more leading, the increase in the 

excitation current experienced by the middle limb is relatively 

greater than by the outer limbs. 

The ratio measured at .1i3 P.F. leading is 1.0:0.76:0.98. 

With lagging load power factor as the power factor decreased the 

middle limb current tended to reduce more rapidly than the outer 

limbs and the ratio of the currents approached more closely to the 

no:-load ratio, typically at .36 P.F. lagging it was 1.0:0.7:1.05. 

This confirms that the total requirement of excitation 

current at leading power factor is greater than at lagging power 

factor. If the average excitation current, taken as the sum 
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divided by 3, is plotted against load power factor on a dimensionless 

basis, a gradual increase in this current can be seen as power factor 

becomes more leading. 

	

6.6.2 	The mgnetizing current and load payer-factor 

Dependence of the reactive component of the excitation 

current, i.e. the magnetizing current, on the load power factor, was 

checked by multiplying (using the VAN meter) the signal extracted 

with a constant current vector taken from the phase shirt unit and 

shifted into quadrature with the induced voltage of the respective 

phase of the transformer. The results which represent the reactive 

magnetizing power showed practically no change over the entire range 

of load power factor. The maximum change observed was 1.5%. This 

shoos that the magnetizing current remains constant as long as the 

induction (proportional to the induced voltage) remains constant. 

This, however, is based on experimental results of a transformer 

which has negligible leakage reactance compared to winding 

resistance, a case untypical of actual generator transformers which 

have 10-15% leakage reactance. It is therefore possible that the 

small leakage m.m.f. may not have produced any measureable change 

which could affect the results. 

	

6.6.3 	The core material characteristic angle and 
load power factor 

The core material characteristic angle, i.e. the phase 

angle between the excitation current and its core loss component, which 

is a function of flux density, should remain unchanged for a fixed 

value of induction. Since core loss and thus the core loss current 
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has shown its dependence on load power factor, variation in the above 

angle over the range of load power factor was checked. It was 

observed that for lagging power factors the change in this angle was 

quite symmetrical in all phases. The variation with leading power 

factor was not, however, symmetrical in all phases and was greater 

in the case of the middle phase. This asymmetric change, if inter-

preted in terms of its effects on core loss current amplitudes, shows 

that the amplitude change in the case of middle phase is more than 

for the outer phases. 

6.6.4 	The input current and load power factor 

Since input current is the vectorial sum of the excitation 

and load currents, any change in their magnitudes with load phase 

angle will be due to their relative phasor positions when the 

magnitude of the latter is kept constant. This is the condition 

under which the on—load core loss measurement tests were performed. 

As the transformer's secondary was connected to a three—phase 

balanced load and equal change in load phase angle was made on all.  

-̀ ,he three phases, for each set of readings the percentage change in 

the magnitude of the excitation currents should be the same in all 

the three phases. A set of measurements was taken over the range of 

load power factor and percentage variation in the magnitude of the 

input currents (referred to U.P.F.) was computed and plotted against 

lagging and leading power factors as shown in Fig. 6.15 and Fig. 

6.16 respectively. 

It is interesting to note that the percentage variation 

in each phase is not the same. The middle phase experienced a smaller 

percentage fall in the input current than the outer phases as power 
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factor became more leading. Since the load current was not changed. 

the change in the input current can only be due to the excitation 

current and thus in the core loss component of current as there is 

no change in magnetizing current (section 6.6.2). This means that 

at leading power factor, the iron loss current of the middle phase 

increases as compared to the outer phases. As this current meets 

the energy losses of the core, it is evident that these losses are 

more at leading power factor. On the other hand, at lagging power 

factor the percentage rise in the input current of the red phase 

(outer one) is more than the other two. This phase actually shows 

a negative loss, i.e. the return of power to the supply. Explained 

on the above basis, this means that the total requirement of core 

loss current at low lagging power factor is less. This has already 

been confirmed by on—load core loss measurements. 

6.7 	ADDITIONAL TESTS  

6.7.1 	Simulation of operating conditions  

As well as obtaining the core loss measurements given in 

Section 6.5, some other tests were performed for core loss measurements 

with different input/output parameters. Initially a test was 

performed keeping constant both the load current and output voltage. 

In the case of a transformer coupling a generator with a system, 

any change in the excitation current of the generator only changes 

the active and reactive components of VA but does not make any 

change in the terminal voltage of the generator6.2 and hence the 

transformer core induction remains constant. Using the present test 

arrangements when the power factor of the secondary side was 

changed, the secondary terminal voltage changed also. To keep the 
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secondary terminal voltage constant, adjustment had to be made to the 

input voltage, thereby changing the core induction. The measurements 

thus made did not give realistic results as the core losses were 

changing due to changing induction as well as to load power factor. 

6.7.2 	Short circuit and impedance test  

uther tests were performed to measure equivalent winding 

impedances and resistances. Pigs. 6.17 and 6.18 show the results for 

the test made with winding no. 2 excited and no. 3 short circuited. 

These tests were performed on all the windings in pairs to compute 

equivalent impedances and resistances. The resistances were divided 

in the ratio of conductor lengths, .§ince the same conductor was 

used in all the windings. 

The resistances thus computed are: 

Resistance of winding no. 1 

Resistance of winding no. 2 

Resistance of winding no. 3 

= 

= 

7.92 x 10-2Q 

c-% 10.25 x 10  2,c 

12.24 x 10-2c? 

The equivalent reactance was computed from the short circuit tests 

and also from the geometrical parameters of the transformer. 

The resolution of the reactance into its components associated 

to each winding was tried by the method specified by Stirzaker6.51  but 

with little success as the equivalent reactances of the transformer 

were too small compared to equivalent resistances. 

The method specified by Boyajian6.4  was also tried to divide 

the equivalent impedance and thus reactance calculated from short 

circuit test and the results are: 
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FIG. 6.17 	Measurement of equivalent resistance of 
windings nos. 2 and 3 of three-phase transformer. 
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FIG. 6.18 	Measurement of equivalent impedances of windings 
nos. 2 and 3 of three-phase transformer. 
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Reactance of winding no. 1 = 2.41 x 10-2Q 

Reactance of winding no. 2 = 0.23 x 10-2Q 

reactance of winding no. 3 = 5.81 x 10-2Q 

Test specified by 07Kelly6.5 was also tried to check the above results, 

but the values obtained did not match presumably due to very small 

leakage reactance. 
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CHAPTER SEVEN 

SYNTHETIC LOADING OP TRANSFORMER AND MEASUREMENT 
01 LOSSES 

7.1 	INTRODUCTION 

The commercially accepted methodsfor the measurement of 

losses in a transformer are: 

1. Open circuit test - to measure core loss. 

2. Short circuit test - to measure copper loss and 

leakage reactances. 

3. Equivalent short circuit heat run test - to dissipate 

copper'plus core losses. 

4. Load back or back to back (Sumpner) test - to measure 

copper plus core losses in one test•(specially suitable for 

single-phase bank transformers but not accurate for high 

reactance transformers7.1). 

Although these tests give a close approximation to the actual losses, 

and can be performed without any special test equipment, except no. 4, 

which requires a transformer identical to that being tested, they 

have a major drawback: none simulates the actual conditions in the 

transformer under load. Certain other modified versions of these 

tests can be employed, such as the Delta/Delta test7'2  for three-

phase transformer. Full excitation voltage can be employed on one 

set of windings connected in closeldelta and rated current can be 

circulated by a single-phase source connected in series with the 

other winding connected in delta. By appropriate metering the 

losses of each circuit can represent the core and copper loss of the 



1115. 

transformer but the limitation would be that these losses would 

represent a particular condition of loading. As shown in Chapter 

Six, the core losses in a highly fluxed transformer also become a 

function of the load power factor, so this test for measurement of 

core losses in such transformers cannot be said to be representative 

of loss conditions over the range of load power factor. 

The above methods have the advantage of minimum energy 

loss in the tests but any method which does not produce the exact 

conditions experienced by the transformer while in actual operation 

cannot be said to be perfect. The only realistic method would seem, 

therefore, to be an actual load test. This, however, also has 

certain problems: 

1. 	Loading device and supply equipment must have equal 

or larger capacity than the unit to be tested. 

9 	"Energy consumed during the tests is wasted in heat, 

which is equal to the power rating of the unit under test and 

losses of the supply source. 

3. 	Facilities must be available to change the power 

factor of the load, either by a static load containing resistors, 

capacitors and inductors, or a synchronous machine of suitable 

capacity. Both present difficulties in terms of capital 

expenditure and extra test area. 

The problems become increasingly important as the rating of the units 

to be tested increases. 

If, however, different components of loss can be invest-

igated under the conditions which the transformer experiences while 
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loaded, the test can be said to be more realistic. By maintaining 

such conditions until the temperature stabilises, much better and 

more extensive results can be obtained. In addition, development 

rigs for extensive investigations of the distribution of core loss 

and core flux can be excited in a realistic manner. 

In view of the above, a new testing method was investigated 

which incorporates the above features plus facility of control of 

load angle. The test named the "synthetic load test" is detailed 

in this chapter, together with results obtained on three-phase 

transformers used in the work discussed in Chapter 6. Another 

single-phase "micro" transformer, the data of which is given in this 

chapter, was also subjected to actual load test and synthetic load 

test for the measurement of core loss for which results are also 

given in this chapter. 

7.2 	THEORETICAL CONSIDERATIONS 

A transformer in steady state operation is considered to 

be under three main m.m.f's: 

1. Magnetomotive force produced by the magnetizing 

current, sufficient to keep the resultant mutual flux in the 

MS 
core of such a magnitude

A 
 to satisfy the primary voltage 

equation, i.e. the sum of the primary resistance drop, primary 

leakage inductance drop and the counter e.m.f. induced must 

equal the primary impressed voltage. 

2. Magnetomotive force produced by the load current, 

the tendency of which is to magnetise the core in the reverse 

sense to that of the magnetising current. 
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3. 	Nagnetomotive force produced by the component of the 

primary current to balance the demagnetising action of the 

load current. 

Strictly speaking, the m.m.f. as given by 1 above is not wholly 

attributable to one current only but is due to the combined effect 

of instantaneous primary and secondary currents producing 

approximately, though not exactly, counter magnetomotive forces, 

the phase relations of which depend on the nature of the secondary 

load, as well as on the characteristics of the transformer. The 

mutual flux is also considered to be entirely confined within the 

core, and the leakage flux as so small compared to the resultant 

mutual flux, that its effect on the mutual flux is usually ignored. 

This assumption is, however, not entirely correct and leakage flux 

does increase the main flux in some parts of the core and reduce it 

in the others. If these second order ledkage effects are neglected, 

the primary and secondary m.m.f.'s can be considered equally 

effective in producing the mutual flux distributed uniformly through-

out the core irrespective of their arrangements with respect to each 

other and with respect to the core. 

The instantaneous value of the resultant m.m.f. responsible 

for producing the resultant mutual flux in the core to satisfy the 

primary voltage equation can be expressed as: 

1? = F — F 
R 1 o 

(7.1) 

where, 	FR  = resultant m.m.f., 

F1  = m.m.f. produced by the primary current = 

F2  = m.m.f. produced by the secondary current = i2N2. 

In view of the above, a two—winding transformer can be considered 

as having two windings producing equal magnetomotive forces in 
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opposition to each other and a third fictitious winding producing 

a m.m.f. of such magnitude and direction as to satisfy the primary 

voltage equation. This division of magnetomotive forces in three 

components can be considered to exist in a transformer in steady 

state operation but their separation in physical sense is difficult. 

The best physical realisation of this concept can be 

constructed if the fictitious winding is replaced by an actual 

winding producing a magnetomotive force of the magnitude which will 

satisfy the above conditions where the two original windings producing 

m.m.f.'s of magnitudes proportional to full load current of the 

transformer but in opposite senses. 

Fig. 7.1 shows the equivalent circuit to represent this 

condition for a unity ratio three-winding transformer. Here 

El = E2 = E3 

V = f (R 	) + E1  
2 
e 1 	11. 1 
2 

V E1 	1 
P  - I = 
	

2 

'c 

V2 = IL(R2  + R3  + jX2g..+ jX31 + E2  - E3  

= IL  E(R2  + R3)  + j(X2i,+ X J 

2 P
2 
= IL(R2 

(7.2) 

(7.3) 

(7.4) 

(7.5) 

(7.6) 

7.3 	EXPERIMENTAL RESOLUTION 

Consideration of the physical system reveals that a 

transformer should have one winding suitable for the production of 

the required m.m.f. and the two other windings able to carry full 

load current. If these two windings are of 1:1 ratio, the test 



Equivalent circuit for 'Synthetic Load? test; 1:1 ratio transformer. FIG. 7.1 

IZ 
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arrangement could be convenient and simple; alternatively, a 

secondary central tap can provide this facility, e.g. ie any winding 

is distributed equally between two limbs so as to form one winding 

(sometimes the case with single-phase bank transformers). However, 

for a transformer other than central tapped -secondary or unity ratio, 

a suitable current transformer can be used to maintain ampere turn 

balance in both windings connected in opposition. If this test is 

adopted as a typetest by manufacturers, a suitable rig to provide 

such facility will be required. For this purpose, a two-winding 

adjustable ratio transformer can be included in the rig to circulate 

the load currents through the windings of the test transformers of 

any transformation ratio. 

The load windings when connected in series opposition will 

produce a zero m.m.f. condition around the main magnetic circuit of 

the transformer irrespective of the magnitude of the current flowing 

through them as m.m.f. produced by one winding will be cancelled out 

by the other. The sense of connections will of course depend on the 

actual positioning of these windings in relation to the magnetic 

circuit. If they encircle the same limb, the series opposition 

connections will produce this zero m.m.f. condition. If these 

windings are positioned on two different limbs of the same cross-

section area, this condition can be achieved as above or by connecting 

in parallel opposition. The third winding is then energised to the 

rated voltage and will pass the current required to maintain the 

magnetising flux in the core. 

The core loss at a given frequency can roughly be given 

by: 
A 

P
c 
= K B

Y 
 

and since the peak induction t in the magnetic circuit is proportional 
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to the impressed voltage on the winding, the relation can be 

rewritten as: 

A 
Pc 	K2 Ey  

where K
1 
and K

2 
are the constants and Y is the exponent -which has a 

fixed value depending on the type of core material and structure 

within narrow limits of induction7'3. As the impressed voltages 

are kept fixed, the power metered in this circuit will represent 

the core loss plus a very small amount of copper loss due to the 

winding resistance. The other two windings connected in opposition 

will give the ohmic and stray losses of the load circuit (copper 

loss). This circuit has to be energised by a separate adjustable 

source, isolated from the source providing excitation7.4  . A watt-

meter connected in this circuit can measure these losses. Either 

of the two circuits can be connected to the source through a phase 

shifting unit and thus the phase relation between the load current 

and the voltage in the magnetizing winding can be adjusted. The 

iron loss measured in this way will be attributable to a specific 

load angle, which can be changed by the phase shift and can be 

computed as discussed in 7.4. 

The connection arrangement for the three—phase three—

winding transformer is shown in Fig. 7.2. The sum of wattmeter 

readings W
el 

and W
c2 

will give the total copper loss while the sum 

of wattmeter readings W. Wi2  and Wi3  will give the total core loss. 

7.4 	CONCEPT OF LOAD POWER FACTOR 

In this test arrangement, the secondary current and 

secondary voltage do not bear the same relation as in the case of 

an actually loaded transformer. This voltage is just sufficient 
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FIG. 7.2 	Synthetic load test circuit for a unity ratio transformer. 
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to circulate the load current through the windings. Any shift in 

load current with respect to excitation circuit current or vice 

versa will not make any significant change in the phase relation 

of the load current to load voltage. However, a thorough investig-

ation reveals that some other datum has to be fixed to measure the 

power factor of the load. 

The load power factor is the cosine of the angle between 

the load current and the voltage driving this current, i.e. the load 

side terminal voltage. This voltage has a certain relationship with 

the induced voltage, which depends on the impedance of the secondary 

winding and the type of load. For a particular loading condition 

the relation can be given by: 

V2  = E2  - 1202  + jX22,) 

where 11
2 and X- are the resistance and leakage reactance of the secondary 

winding through which a current 12  is flowing. 

The induced voltage has a quadrature relationship with the 

magnetizing flux which in turn is in phase with the reactive component 

of the excitation current, i.e. the magnetizing current. The 

relationship between the excitation current and counter e.m.f. can 

therefore be established, i.e. the excitation current lags the 

counter e.m.f. by very nearly 90o and this angle approaches to 90 as 

flux density increases. As shown in 2.2 this angle can be different 

for each phase in a highly fluxed three-phase three-limb transformer. 

On the basis of the above, the induced voltage can be made as datum 

as its position is being shifted with the excitation current if the 

latter is supplied through a phase shift unit. The induced voltage 

in an open circuited secondary transformer winding is considered to 
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be very nearly equal to the impressed primary voltage times the turns 

ratio due to small impedance and low current in the winding. In the 

case of the present test the excitation winding would have the same 

relationship in the transformer as an open circuited secondary, 

although windings nos. 2 and 3 will be circulating the full load 

current but the resulting m.m.f. around the main magnetic circuit 

due to their combined effect will be zero. The impressed voltage 

of winding no. 1 can therefore be considered as equal to the induced 

voltage and thus will have a similar relation to the secondary output 

voltage. The power factor of the load thus can be measured if the 

current coil of a phase angle meter is connected in series with the 

load current circuit of windings 2 and 3 and potential coil to the 

impressed voltage of winding no. 1. 

7.4.1 	Correction factor for phase angle meter reading  

For more accurate computation of the load poN•er factor, 

correction to the reading of the phase angle meter can be made. 

Figs. 7.3 and 7.4 show phasor diagrams of a unity ratio transformer 

for lagging and leading load angles respectively. Angle 01  can be 

measured by open circuit test. Angle 02  can be computed from the 

circle diagram of the transformer. A correction chart on this 

basis was made to correct the phase angle meter reading in this 

test. As shown in these phasor diagrams the angles p1 and p2 must 

be added to the phase angle meter reading for the capacitive load 

and be subtracted from it for the inductive load to get correct 

load power factor. The phase angle meter reading can also be 

corrected from input/output and impedance characteristics of the 

transformer and thus power factor of the load. E.g. 
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FIG. 7.3  Phasor diagram of a unity ratio transformer with 
lagging power factor load. (Vectorsused to compute 
load p.f. are only shown.) (f) = phase angle meter 
reading.) 

01 

Im  

FIG..7.4 Phasor diagram of a unity ratio transformer 
with leading power factor load. (Vectors used 
to compute load p.f. are only shown.) 
(0 = pllase angle meter reading.) 
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Let 0
1 
be the angle between the open circuit impressed 

voltage V1  and induced voltage E1  and let the open circuit 

impedance drop be given by I1Z1, the angle 01  can be given by: 
2 	2 -1 	+ El  - (I1Z1)

2 

2V
1
E
1 

2. 	Let
2 be the angle between the output terminal voltage 

V2 and the secondary induced voltage E2  and let I0Z2  be the 

secondary impedance drop at rated secondary current, the 

angle 02  can be given by: 

1[1/72
2 E

2
2  

(I2Z2)  02  = cos- 
2V
2
E2 

The above condition is for lagging power factor or leading power 

factor near unity where V
2 > E2. 

The load phase angle 16 can thus be computed from the 

above angles and the phase angle meter reading 49 by: 

= 	— (01+02) 

In the case of capacitive load when V
2<7. E2, the angle 02 can 

be given by: 

1. 

pi  = cos 

and load phase angle by: 

0 = g 	(0 4- 02) 

In the above, Z1  and Z2  are obtained from measured winding resistances 

and the components of leakage reactances, the latter being divided 

between the two windings as the square of the number of turns 7.5. 
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7.5 	TEST ARRANGEMENTS  

The synthetic load test to measure the core loss and to study 

its variation with load angle was performed on the same three-phase 

test transformers which were used in the actual load tests detailed 

in Chapter 6. 

Since this transformer has a set of three windings of the 

same size of conductor and number of turns around each limb, together 

with shadow winding for each main winding, it was considered to be an 

ideal unit for such a test. The experimental arrangement for this 

test has been shown in Fig. 7.2. Winding no. 1 was connected to 

the mains through three single-phase autotransformers and iron loss 

per phase was metered by a low power factor wattmeter connected in 

compensated mode to exclude error due to its potential circuit 

consumption. The sum of per phase readings less copper loss of 

winding no. 1 due to excitation current was taken as core loss 

against each load angle position. 

Windings nos. 2 and 3 were connected in series opposition 

and the load current was circulated from the mains through a set of 

induction regulators wired as phase shifting unit. The ohmic and 

stray loss due to load current was metered by a standard dynamometer 

wattmeter (Cambridge A.C. Test Set Type 44371) connected in this 

circuit. A two-wattmeter'method was used to measure this power loss. 

The power factor was measured with a phase angle meter, 

the potential circuit of which was connected to the shadow coil of 

winding no. 1 of the respective phase and current coil to the load 

current circuit. The phase angle meter reading was corrected as per 

Section 7.4 and power factor computed. 
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7.5.1 	Computation of core loss  

It was anticipated on theoretical grounds and from the 

results of previous tests performed on this transformer that the 

change in the angular relationship between the load current and the 

excitation current would give a change in the power consumed in the 

excitation circuit only and there would be no change in the power 

loss metered on the load side of the circuit. 

It was, however, observed that the change in the relation-

ship of the excitation current to the load current influences the 

readings of wattmeters in both the directions. The possible reason for 

this variation of power flow in the load circuit and hence an assoc-

iated change in the excitation current are discussed in Section 7.7.2. 

The computation of core loss in this condition is made as under: 

The total power flow in both circuits is the sum of the 

core and winding copper losses. Since a.n. resistances of all the 

windings used in the test are known, and the current in each circuit 

can be metered, the total copper loss of all the windings employed 

can be computed. The core loss can thus easily be worked out by 

subtracting the total copper loss from the total power measured in 

both circuits. 

Core loss = Power supplied by the excitation circuit + Power 
supplied by the load current circuit - Total copper 
loss of the windings (excitation and load current) 

On the basis of the above, the core losses computed are plotted 

against power factor in Fig. 7.5. 

A dimensionless graph on the basis of unity power factor 

comparing the Core loss computed by the synthetic load test and with 
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the actual load test for the measurements made by VAW meter has been 

plotted against power factor in Figs. 7.6 and 7.7, for leading and 

lagging power factors, respectively. 

The p.u. leakage reactance of this transformer was very 

small compared to resistance, also the ratio of leakage reactance 

between winding 1 and 2 to that of winding 1 and 3 was 1:3 which is 

too large compared to a power transformer and also the p.u. leakage 

reactance is usually considerably higher in the latter units. 

The results plotted do show the_dependence of core loss on 

load power factor and the trend is similar to that noticed in actual 

load loading. The percentage variation is, however, not even 

approximately the same. Apart from the factors discussed in 7.7, 

a further limitation was the capacity of phase shifting unit due to 

which only 60% of the rated current was circulated in the windings. 

The transformer having a large thermal time constant might not have 

attained a steady working temperature, and thus the winding 

resistance may not be stabilized. If a large current had been 

circulated, the percentage effect of the inequality of the reactance 

would have been far less and better results could have been obtained. 

On the basis of the nature of these positive qualitative 

results, it was decided to perform this test on a "micro" transformer 

having p.u. leakage reactance characteristics and therefore 

relative excitation and load current m.m.f.'s more representative of 

an actual high rating transformer. 
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FIG. 7.6  : 	Comparison between core loss ratios of actual loading 
and synthetic loading of three-phase transformer with 
leading power factor load. 
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7.6 	TESTS ON 1•iICRO TRANSFORMER 

The single-phase micro transformer was taken from the 

bank of a 
	

6-phase/3-phase system
7.6

. This unit was selected 

for the following reasons: 

1. The designed working peak flux density was 1.7 T, 

thus very near to that of three-phase unit on which the previous 

tests were made. 

2. The per unit impedance characteristics were more 

nearly equivalent to those of an actual generator transformer. 

3. The arrangement and the number of windings enable it 

to be connected as a unity ratio transformer. 

The transformer data are given in Table 7.1 and the physical arrange-

ment of windings is shown in Fig. 7.8. 

The following tests were performed on this transformer to 

measure its core loss: 

1. Open circuit test. 

2. On load test for core loss measurement with varying 

load power factor. 

3. Synthetic load test for core loss measurement. 

7.6.1 	Winding connections 

Since winding pairs nos. 3 and 6, and 2 and 5 both have 

the same number of turns and are symmetrical around the inner main 

limbs, either can be used as magnetizing windings or load windings. 
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Winding 
No. 

Number 
of Turns 

Nominal 
Uurrent 
Ratinq.  

Rated 
Voltage 

Terminal 
Marking 

1 

2 

3 
4 

5 

6 

104 

26 

208 

180 

26 

208 

8.6 

8.6 

4.8 

5 

8.6 

4.8 

	, 

60 

15 

120

104 

15 

120 

. 

c - 1 e2 

3c1-3c2  

- c3  c4  

fl-f2 

4c1-4c2 

- ci  c2  

TABLE 7.1 	Micro transformer terminal marking and data. 
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Tests were performed to find the best combination such 

that when the magnetizing windings are excited to the rated voltage, 

the induced voltage in the other two windings should be equal. This 

condition is necessary to eliminate the circulating currents within 

the winding due to any differential voltage when the windings are 

connected in opposition. The reason for unequal induced voltage has 

been discussed in 7.7.2. Four possible combinations were available 

and each was tested with one pair of windings excited to produce the 

designed flux density in the core and the other open circuited. The 

percentage difference in the induced voltages was checked on a 

digital voltmeter and the best combination selected was: 

Windings 3 and 6 connected in series, induced voltage 

percentage difference = 0.13% in windings 2 and 5. The 

above pair of windings was considered as magnetizing 

windings and excited to 240 volts to produce a flux 

density of 1.7 T in the core. Windings nos. 2 and 5 

were connected in opposition to circulate the rated 

current (8.6 A) in the case of a synthetic load test. 

	

7.6.2 	Open circuit test  

The standard procedure for this test was adopted. 

Windings nos. 3 and 6 were connectcd in series and supplied through a 

"Variac" while all other windings open circuited. The core loss thus 

obtained is plotted in Fig. 7.9. 

	

7.6.3 	Core loss measurement under load conditions 

The method used to extract a signal proportional to 

excitation current was that given in 3.4.3.1. The measurement of 
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core loss was effected by multiplying this signal by a constant 

magnitude current signal taken from phase shifting unit and shifted 

in phase with the primary induced voltage. This was done using VAW 

meter as explained in 4.6.2. 

Since the primary and secondary windings had a turns ratio 

of 8:1, the input to output current ratio was therefore 1:8. To 

obtain correctly proportional voltage drop signals, the series 

resistors inserted in both the circuits were having resistance ratio 

inverse to the current ratio. This was obtained through two linear 

track resistors of 1Q , 20 A rating calibrated by a Kelvin Bridge 

to .848Q and .106Q respectively for primary and load circuits. 

The output of the VAW meter was calibrated by multiplying 

the no—load current signal taken across primary side resistor (.848Q ) 

and amplifying the same through a 1:10 ratio isolating transformer 

with the current vector of the same magnitude as taken in the above 

test and shifted in phase to the induced voltage. The calibration 

was made with respect to a low power factor wattmeter connected in 

this circuit measuring the actual core loss. The calibration 

factor obtained was 6.4. The correction factors of both the wattmeters 

were taken into account. The core loss thus computed from the 

reading of the VAW meter taken over the range of load po;+•er factor 

and plotted against the latter is shown in Fig. 7.10. 

7.6.4 	Computation of core loss from instantaneous. power loss  

As discussed in 4.6.4, the core loss derivation can be 

done from the instantaneous power signal obtainable from VAW wattmeter. 

In the present setup this signal was taken on an oscilloscope on a 
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FIG. 7.9 	No.  load core loss oflmicro transformer' with open 
circuited secondary. 
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suitable scale and photograifted for three different load P.F. (Table 7.2) 

The areas under the positive half cycle and negative half cycle were 

measured with a planimeter calibrated in cm
2 
 with a constant factor 

of 16.537. The computation was referred to U.P.F. and compared with 

VAW readings also referred to U.P.F. for the same load angle. This 

comparison is given in Table 7.2. The comparison shows a close 

agreement in both methods of measurement. The waveforms of 

instantaneous power loss used in the computation are given in Fig. 7.11. 

	

7.6.5 	Dynamic hysteresis loops 

The dynamic hysteresis loss loops for different load P.F. 

(Table 7.2)were formed for this transformer as given in 4.6.5. 

Since it was a single phase transformer, each loop can be directly 

related to the power loss. These have been shown in Fig. 7.12, 

which very clearly shows the dependence of the core loss on the load 

power factor. 

	

7.6.6 	Synthetic load test  

The synthetic load test was performed in a similar way as 

on three—phase transformer. The full load current was, however, 

circulated in the load windings nos. 2 and 5 connected in opposition 

to the mains through the phase shifting unit. 

It was anticipated that the only change will occur in the 

wattmeter connected in the excitation circuit, but it was observed 

that the indication of the wattmeter connected in the load circuit 

too was changing with the variation in load power factor. The 

change in the latter case is mainly attributed to the difference in 



Measurement made by VAW meter: 

Power factor VAW meter 
reading 

* 
Core loss 

W 
Variation from 

U.P.F., W 
%variation 
from U.P.F. 

Unity 3.75 24.00 - - 

.54 Lagging 3.57 22.59 1.408(-) 5.86(-) 

.88 Leading 4.45 28.48 4.48(+) 13.66(4-) 

VAW meter reading x 6.4 

Measurement made by planimeter: 

Power factor Planimeter 
4-17e -1 cycle 

measurement 
-ve 1- cycle Difference 

Difference* 
in area 
(cm2) . 

, 
7, variatio 
from U.P.P 

Unity .6 .47 .13 .21498 - 

.54 Lagging .52 .397 .123 .2034 5.38(-) 

.88 Leading .67 .515 .155 .2563 19.2(1 

* Planimeter reading x 1.6537 

TABLE 7.2 	Comparison between VAW meter measurements and 
derivation of losses from instant power curves. 

169. 



MEM 

Mr 	11 raillikalf 

170. 

31 	AI 11111111Widillini 

I ill  
(a) 

(b)  

IRE 

11.111111111 iammisoini 1121 
(c)  

Instantaneous power for Imicro.transformert 
derived from the output of VW meter. 
Oscillograms (a), (b) and (c) correspond to 
load p.f. of unity, 0.54 lagging 
and 0.88 leading respectively. 

FIG. 7.11  



(a)  

NM ZEN 

(b)  

171. 

-en 

Dynamic hysteresis loops of 'micro transformer' 
at load factors corresponding to (a), (b) and 
(c) of Fig. 7.11. 

FTG. 7.12 



• 172." 

the leakage reactances of both load windings which causes an additional 

circulating current within the system due to difference in the induced 

voltage (see 7.6.1). It is possible that the difference in the 

induced voltage at certain load angles due to redistribution of 

leakage flux might have been increased enough to affect the system 

significantly and thus the indication of the wattmeter. 

The inequality of the magnetic circuit due to the unequal 

reluctances of the outer limbs can also be associated with this 

change in the load circuit. A part of the current flowing in the 

load circuit of either winding might be contributing towards 

maintaining the resultant m.m.f. in the core, being produced 

primarily by the excitation winding. An attempt was made to reduce 

this inequality in the magnetic circuit by eliminating the outer 

limbs, i.e. open circuiting these limbs magnetically by providing 

heavy copper short circuiting rings around these limbs, thus limiting 

the flux to the central part of the core only. Since, however, the 

yoke had an area one-half of that of the main limbs, it was not 

possible to keep the same flux density in both of these parts of 

the core. The working flux density in the limbs drives the yoke 

into saturation. As both components of the core loss are flux 

density dependent, the contribution by the yoke in the total core 

loss would be increased in this condition and thus the above idea 

was abandoned. 

The results obtained in the synthetic test have been 

plotted against load power factor and shown in Fig. 7.13. The 

comparison of these results was made with the results obtained by 

VAW meter measurements by plotting both on dimensionless basis with 
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FIG. 7.13 	On—load core loss of,?micro-transformerl measured by dynamometer 
wattmeter on synthetic loading. 
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reference to U.P.F. against load power factor. The synthetic load 

results show a slight increase over the VW meter results but the 

trend of variation of both with respect to load power factor is very 

much similar. These plots have been shown in Figs. 7.14 and 7.15 for 

leading and lagging power factors respectively. 

7.7 	FACTORS AtVECTING SYNTHETIC LOADING AND 
THE COMPUTATION OF CORE LOSS 

7.7.1 	Geometrical considerations 

The basis of the synthetic load test is the realisation of 

the simultaneous presence of the magnetomotive forces of the same 

magnitude and phase relation as in the case of an actual loading in 

a transformer. In practice it is not, however, possible to achieve 

this condition due to shift in the geometrical position of either: 

a) The source of excitation current with respect to the 

core (when the excitation is provided by some winding other 

than the winding which would have been the source of excitation 

current under actual loading), or 

b) The source of counter m.m.f. to balance the m.m.f. 

produced by the load current (when the excitation is provided 

IT the same winding as under actual loading but the primary 

current winding is shifted from its original place). 

In any production transformer to be tested by synthetic loading, one 

of the above two conditions would inevitably apply which will 

differentiate this loading from the actual load. However, test 

transformers for development purposes can be made having a shadow 
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FIG . 7.14 	Comparison between core loss ratio'of actual 
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FIG. 7.15 	Comparison between core loss ratios as Fig. 7.14 
' but with lagging power factor load. 
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winding along with the primary winding of such a rating that the 

excitation current can be circulated through it, thus maintaining 

the geometrical position of all the applied magnetomotive forces in 

synthetic load tests as in the case of actual load tests. 

This geometrical displacement of m.m.f.'s is considered 

responsible for producing the discrepancies in the computed losses 

that have been observed in these tests. In micro transformer, windings 

2 and 5 are physically close to actual load windings; results agree better. 

7.7.2 	Transfer of rower between two circuits  

As stated earlier, both wattmeters experience a change in 

their indications, although the wattmeter connected in the load circuit 

will only meter the copper and stray losses of load windings. Since the 

the current in this circuit is kept fixed and as the a.c. resistance 

is stabilized, the indication of the wattmeter should remain 

constant as the transformer reaches its steady working conditions. 

It was further observed that at certain load angles the pover 

metered in this circuit is even less than that required to meet the 

ohmic loss of the windings. This condition provides an indication 

as to whence the additional power is coming to make up these losses, 

evidently from the excitation circuit, a situation presumably not 

present in actual loading. Similarly, this circuit reads much 

higher than the ohmic loss of the vIndings at certain other load 

power factors, it must be then contributing towards maintaining 

the excitation in the core to the rated value. Thus was also 

apparent from the reduction in the reading of the wattmeter connected 

in the excitation circuit. 

The above leads to the conclusion that the m.m.f.ls 

produced in antiphase by the load current windings do not cancel each 
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other at every point exactly around the core but some resultant m.m,f. 

remains and its effect on the core excitation is either additive, in 

which case the excitation current reduces or subtractive, in which 

case additional current has to flow in the excitation circuit. In 

either case there is a transfer of energy between the two circuits and 

thus the core loss has to be computed as shown in 7.5.1. 

The reasons for the resultant m.m.f. around the core when 

the windings are connected in opposition and carrying the same flux 

could be: 

1. 	 These windings in the case of the three—phase test 

transformer do not occupy exactly the same geometrical position 

with respect to each limb and thus have differences in 

resistance due to different conductor lengths and also in 

leakage reactance. These inequalities may give rise to a 

small resultant m.m.f. 

9. 	!I small difference in the voltage balance (as in the case 

of micro transformer) can cause a circulating current within 

the windings when they are connected in parallel. This 

circulating current is another source of m.m.f. and thus may 

give rise to a small reultant m.m.f. around the core. 

7.7.3 	Waveform distortion of current and voltage  

When the waveform of the excitation current and the:induced 

voltage were checked for the effective change in the load angle, it 

was found that some distortion occurred in them as compared with 

the open circuit conditions and under actual load test. This 

distortion in the waveform can be due to the influence of differential 
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m.m.f. on the magnetizing m.m.f. of the core. 

In the case of a sinusoidal voltage and a non-sinusoisal 

current (as in the case of the actual load test), the dynamometer 

wattmeter responds to the fundamental component of current only. 

Here, however, the response to the harmonics is also included in 

the reading. This explains the fact that the core loss measured by 

synthetic load test is somewhat greater in the case of a microtransformer. 

7.8 	EI1ECTIVENESS OF SYNTHETIC TEST 

Prom the results obtained and plotted, it is clear that 

this test shows the variation of core loss with load paver factor 

which is qualitatively similar to that measured under actual loading 

of the transformer. For the purpose of the quantitative comparison, 

both of the transformers used were not adequate. The three-phase 

transformer had a relatively small leakage reactance and thus 

could not truly represent a large unit, while the micro transformer 

had more magnetic asymmetry in the outer limbs than a full size 

transformer although, generally, it gave a better representation of 

a larger unit. 

The results as a whole prove the usefulness and suitability 

of this test for manufacturers' development and also standard type 

test for transformers designed to operate at high flux densities. 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

This work was carried out on three different topics 

which although interconnected, have their own applications. The 

conclusion, therefore, reached in each case is stated separately. 

8.1 	OPEN CIRCUIT TEST 

The open circuit test for a highly fluxed three-phase, 

three-limb core type transformer shows that: 

1. The excitation currents lose their symmetry and 

therefore the phase angle between phase current and voltage is 

not the same for all three phases. This is in addition to the 

magnitude difference due to differences in the magnetic path 

length associated with each phase. One of the outer phases has 

in fact a phase angle greater than 90°  and the other, a phase 

angle less than the material phase angle. The middle phase 

current and voltage, however, have a phase angle equal to the 

material phase angle. 

2. The two-wattmeter method used for core loss measurement 

can give significantly erroneous results. One reason is the 

phase angle error of the wattmeter as one wattmeter works under 

lagging power factor conditions and the other with leading power 

factor. The other reason is on account of each individual 

meter's high reading with a relatively small difference repres-

enting the core loss. The three-wattmeter method is relatively 

the best as all three wattmeters work at lagging power factor. 
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Also, the reading of each individual -wattmeter is not as large 

as the two-wattmeter method, relative to their algebraic sum 

which represents the core loss. 

	

3. 	If the use of the two-wattmeter method is unavoidable, 

the commonly adopted method of connecting the wattmeter current 

coils in the outer limb circuit should not be used as this 

arrangement gives the maximum error due to very large wattmeter 

readings with relatively small difference. The best connection 

method in the two-wattmeter measurement case is that where 

individual wattmeters give a comparatively small reading 

relative to their difference, i.e. connection shown in Fig. 2.1e. 

	

8.2 	EXTRACTION OF EXCITATION CURRENT AND 
ON LOAD CORE LOSS MEASUREMENT 

The best method of extracting the excitation current 

is the ohmic potential drop method although, in this case, 

for core loss measurements special wattmeters'are required as 

the differential current thus obtained is not the actual 

excitation current but a signal proportional in magnitude and 

in phase to this current. The direct differential method of 

excitation current extraction has the advantage that any low 

power factor dynamometer wattmeter can be used to measure the 

core loss but it is limited to unity ratio transformersonly. 

The current transformer differential method has the attractions 

of flexibility and low energy loss associated with the circuit 

but the shift in phase angle of the extracted current made the 

core loss measurements unrealistic. 
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2. The core loss measurements show their dependence on 

the load power factor and this loss is more sensitive to leading 

than to lagging reactive loads (see Figs. 6.11 and 6.12). 

3. It further investigation revealed that under leading 

power factor load the increase in the excitation current of the 

middle limb is greater than the outer limbs. This is further 

confirmed by the change in the phase angle between the excit-

ation current and voltage of the limb (material characteristic 

phase angle) which behaves in a similar manner to excitation 

current. As no change in the magnetization component of the 

excitation current is observed (see Section 6.4.2), the entire 

change is due to the core loss component of the excitation 

current. This shows that, due to redistribution of flux at 

leading load power factor, the overall change in the core loss 

component of the excitation current is positive, i.e. giving 

more core 16ss. Since this change is greatest in the middle 

limb, it indicates that this limb is actually dissipating a 

greater .loss than the outer ones at leading reactive loads. 

An earlier test
8.1 made to detect the change in leakage flux 

distribution in the region of middle limb joint and yoke by 

differentially connecting the search coil nos. 3 and 5 (Fig. 6.1) 

showed that the leakage flux increases in the region of 

middle limb joint at-leading power factor load. It is a well 

known fact that a rotating magnetic field is produced at 

T—joint of the three limb core and the iron loss in the T—joint 

is dependent on the magnitude and rotating speed of this flux
8.2
. 

The magnitude of the same has been checked against a number of 

factors, but has not so far been checked against load power 
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factor. It is evident from the present work that there is an 

increase in the leakage flux with the leading load power factor 

in the region of T—joint and there is every possibility that 

the rotating field experiences an increase in the magnitude 

under this condition, thus the middle limb joint works at 

higher flux density and absorbs more power. There is a 

possibility that 	adjustment in the cross—section area 

of the core around this region may reduce the overall percentage 

increase in the core loss if the working flux density of the 

same is kept substantially near to the rest of the core under 

conditions when the load power factor is leading. 

4. The Hall effect wattmeter constructed for this project 

gives very good results even at very low power factor. The 

results are virtually identical with those obtained by VAW meter. 

The meter performance can be made even better by using better 

quality operational amplifiers and its range can be extended 

by the provision of additional circuitry containing switchable 

resistors for current and voltage channels. 

5. The derivation of core loss from the instantaneous 

power loss curve and the display of dynamic hysteresis loops 

of the transformer core could have academic interest as it would 

be fascinating to demonstrate these to students and show them 

the actual change in the loop area with the load power factor. 

8.3 	SIMULATION OF THE ON LOAD CONDITIONS TN THE 
TRANSFORMER BY SYNTHETIC TEST 

The synthetic load test results made on the micro transformer 

to measure the core loss show a sufficient agreement with those 
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under an actual load by TAW meter. Since the test can be made to 

simulate full load conditions without handling the rated VA of the 

transformer, it is hoped that further development in the method will 

lead to establishing its validity as manufacturer1 s type test and a 

good tool for developuent purposes. The improvement in its results 

can well be checked if a shadow coil suitable to take the excitation 

current of the test transformer is wound along with one of the main 

windings, thus keeping the geometrical positions of all the applied 

m.m.fis.in synthetic load test as in the case of actual loading. 
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