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Researches Regarding the Factory Test of Electric
High-duty and High voltage Equipment

This paper shows a review of the present methods of testing the high-
duty and high voltage electric machines and transformers, to which the
authors brought their own contributions concerning their elaboration
and exploitation. We have especially presented the methods which
make possible the concluding heating tests in factories and the elimina-
tion of the eventual errors which can occur at the installation place.
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1. Introduction

The heating test in factories is essential in determining the electromagnetic
and mechanical solicitations and constructive solutions of all the electric equip-
ment, especially those of high-duty and high voltage. In the paper we present new
methods of testing the transformer with three windings of synchronous machines
and we will do a detailed study with the use of actual dynamic mathematical
model, the features and limits of the Ytterberg testing method of the induction
machines.

2. Main results

2.1. A new method for heating test of the high power three windings
transformers

The heating test of the transformers is obligatory in order to start the mass
production. To make this test possible on limited power try-out stand, the interna-
tional standards recommend for the two windings transformers a short-circuit re-
gime. Therefore, the necessary test power is drastically diminished approximately
with ratio UscN/UN. This solution could not be applied to three windings transform-
ers.
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The following demonstrates the possibility of conclusive testing of the high
power three windings transformers when the installed power of the try-out stand is
not exceeded.

The three windings of the transformers are designed for equal or different
power per winding. In case of different power per winding, the sum of secondary

powers is greater than or equal to the primary power (P1  P2 + P3). For the
transformer with different powers, the windings must be tested simultaneously.
Only such a test is conclusive in terms of heating.

This paper demonstrates [2] the possibility of the above-mentioned test using
impedances series connected with the secondary windings in order to obtain simul-
taneously the rated currents in all three windings. Figure 1 shows the transformer
equivalent circuit, including the supplementary impedances Z’2s, Z’3s.

Figure 1. Equivalent circuit of the three windings transformer, including the sup-
plementary impedances.

The parameters of the equivalent circuit are calculated from the short-circuit
tests and are given by the following expressions:
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For resistances, expressions similar with (1) are obtained. The supplementary
impedances Z’2s, Z’3s are determined so voltage U1 and, consequently, power of the
supply source are minimized.

The possibility of connecting in short-circuit one of the secondary winding
must be taken into consideration.

If the sum of the apparent secondary power is equal with the apparent power
of the primary winding (P2 + P3= P1), the secondary currents result in the same
phase (figure 2.a).

a)                               b)
Figure 2. Secondary currents: a) in the same phase, b) different phase.
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Because the reactances usually prevail in the equivalent circuit of the trans-
former, in practice it is sufficient to connect a supplementary reactance X’ with a
suitable value to one of the two branches, in order to obtain a simultaneous load-
ing of the secondary windings.

The reactance X’ should be placed adequately, to minimize the value of the
voltage U1. In practice, this reactance is represented by a transformer with the
secondary in short-circuit with a corresponding reactance equivalent to the short-
circuit.

In general case, when P1  P2 + P3, the secondary currents are in different
phase (figure 2.b) and supplementary suitable impedances Z’2s, Z’3s must be intro-
duced.

In this paper, the impedances Z’2s,=R’2s+jX’2s, Z’3s,=R’3s+jX’3s, are imple-
mented using synchronous machines which can be easily controlled. The basic
electrical system used to load the three windings transformer is shown in figure 3.
The reactances X’2s, X’3s are obtained by adjusting the excitation currents of the
machines M1, M2. The resistances R’2s, R’3s obtain the necessary values actively
loading the machines M1, M2.

Figure 3. Basic electrical system.

G1 represents the supply generator which is driven by the motor M1. M2 and
M3 represent the synchronous machines which are connected to the secondary
windings of the transformer T and operate in the adequate regime to obtain the
imposed currents.

The scheme was experimentally verified by testing the 5/3/2 MVA transformer
when a reactance X’ was determined and the 31, 5/20/20 MVA transformer when
M2 and M3 synchronous machines were used.

Observations:
The method has the following advantages:
1. The obtainment of a simultaneous rated loading of all three windings and,

therefore, a concluding heating test;
2. The necessity of diminished test power for the try-out stand by establishing

an operation regime close to short-circuit.
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2.2. A particular recovery system of two synchronous machines.
A new method for test at rated load for high power synchronous ma-
chines

Analysis of single supply back-to-back operation of synchronous machines is
of great theoretical and practical interest and there are no detailed references in
literature [7] a.o. The paper [4] studies the fundamental aspects of this particular
operation.

A major contribution of this study is the identification of a recovery method
[3] for testing the high power synchronous machines at rated load (UN, IN, cosN)
by a limited power try-out stand. The experimental results are of high interest for
design and exploitation areas, such as verification of thermal and electromagnetic
strengths.

For full load test of high power synchronous machines, the literature [11], and
IEC standards regarding the methods of determining synchronous machine quanti-
ties from tests, indicate recoverable solutions, involving, besides the studied ma-
chine, a large number of supplementary machines rated to comparable powers.
This aspect limits the possibility of using the well-known methods for powers of
1000  2000 kW. Otherwise, the test stand would have to be fitted out with too
large machines, and this does not occur in practice. When the powers exceed the
powers available in the stands, artificial tests are performed.

In this paper we consider as high power synchronous machines, those ma-
chines whose power is 3-6 (10) times the installed power of try-out stand of the
manufacturer plant.

The transient process at the connection of the two machines on the supply
mains needs a special investigation. In [5], the case of a “strong” (infinite power)
mains is considered; the possibility of synchronous operation is pointed out. In [6]
the possibility of connecting the high power machine system to a “weak” (reduced
power) mains are validated. On this basis, the proposed recovering method for
testing the high power synchronous machines at rated load is legitimated.

The subscripts 1 and 2 denote the two synchronous machines mechanically
coupled and parallel connected on the same supply mains (figure 4.a); the forward
direction for currents and voltage of the 1, 2 machines corresponds to the source
(figure 4.b).

a) b)
Figure 4. a) Simplified schema of the coupled machines; b) The forward di-

rection for currents and voltage.
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The following conclusion outcomes [4]: large changes of the two machines
excitation currents lead to a large scale modification of active and reactive load. In
a particular case this load can be the rated one. The electrical angle  of rotors is
essential to establish the second machine load.

Based on the presented method, it is shown the possibility of direct, recover-
able loading, at rated load for synchronous machines, rated at powers greater than
the installed power of the test stands, without needing special equipment and
measures.

In accordance with the method, the tested machine is firmly mechanically
coupled with an identical machine or a machine rated at a power which is at least
equal; the group of machines is supplied by common supply mains. The required
active and reactive loads, particularly to the rated regime, can be established for
one machine by adjusting the excitation currents.

Suitable values for the mechanical shift of the rotors  must be taken, in or-
der to get admissible values for loadings corresponding to the auxiliary machine
and to the supply mains. In the simplified diagram (fig. 5), where the losses are
neglected, it is considered that 2 is the machine operating as an over-excited mo-
tor, at given values I2, cos2. The internal angle - of the machine 2 is obtained
immediately. Further on, it is considered that 1 is the auxiliary machine. It is no-
ticed that this loading can be achieved for different values of .

Figure 5. Phase diagram for P2 = const.,  = var.

Table 1. Experimental and computed results (630 kVA)
1 I1(A) Ir(A) i 


I1(A) IE1(A) IE2(A) Ir(A) Pr(kVA)

Analytical
method

Simplified
Exact.

76o 60.8 0 69o 7o 55.6 - - 15 156
73o 54.9 6.5 69o 4o 51.5 122.5 224 10.25 106.5

Graphical
method

Simplified
Exact.

77o 60.8 0 69o 8o 56.5 - - 15.5 161
73o 55.0 7.0 69o 4o 51.5 124.1 224.5 10.5 109

Experimental results U=6kV, I2=60.8A, =0.935,
PN=530kW, cos2=0.9, p=3

53.1 130.2 229.4 9.7 101
Pra=66kW
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The possible values of the mechanical shift are analysed because in the real
case of the machines coupled by bolts, one is interested in obtaining values i as
close as possible by those obtained by computation. It is shown that the mechani-
cal shift can be modified by relative rotation of the couplings, by terminals permu-
tation, and by reversal of the rotation sense (when the machines do not have de-
termined rotation sense). If g0 is the existing geometric shift between the rotor
axes, and the coupling has n bolts, the possible values of i, measured in electrical
degrees are given by the relation:

o
o

igi n
Kp 120360

0 









  (2)

2.2.1. Experimental verification of the proposed method for rated
loading

Let 1, 2 be the group of machines mechanically coupled under the electric an-
gle  . The group is considered to be put in operation by connecting and synchro-
nizing one of the machines (the machine 1) to the mains (the machine 3) on the
basis of the well–known methods (fig. 6).

Figure 6. The electrical machines system.

The connecting of the second machine to the mains (closing the contact
switch I) is equivalent for the first already connected machine, to a sudden appli-
cation of a torque to the shaft. The rated loading test has been performed on iden-
tical machines 1, 2 rated at 630 kVA. Identical synchronous machines 3, 4 rated at
150 kVA have been used as weak source. The determinations have been per-
formed both analytically and graphically when the losses are considered and ne-
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glected respectively. The table I systematizes the results obtained at the test of
the machine 2, operating as a motor.

The angle 1=73o has been determined analytically and graphically for condi-
tion Irr=0 and taking into account the losses; we also considered the simplified cal-
culation (Ir=0) for which we get 1=76o. The phase shift 0=pg0=39o and the
number of bolts is n = 8 ; in accordance with (2) the possible values are: i=39o,
54o, 69o, 84o, 99o, 114o. The angle 1=69o is the closest available one to the de-
termined angle 1=73o. We have to mention the good concordance between the
experimental results and those given especially by the exact method. We have also
to mention the reduced mains power needed.

Observations
The study of the behaviour of two mechanically coupled synchronous ma-

chines, connected to the same supply mains is the main contribution of the paper
and leads to the following conclusions:

- when operating at synchronous speed, the variation of the coupled machines
excitations modifies in large limits, as we wish, their active and reactive loadings; -
from the point of view of static stability, the group of coupled machines can be
considered as a single synchronous machine at no-load operation and therefore it
is characterized by a good static stability irrespective of the electrical angle  be-
tween the rotors;

From the analysis of the presented method for rated load, we reach he follow-
ing results:

- it is recoverable and therefore economic; it is theoretically proved and ex-
perimentally verified that up to powers reaching approximately six times the supply
mains power, the method can be applied without special measures;

- over this ratio of the powers, a series of measures must be taken, but these
measures are not difficult from the practical point of view (for example by consid-
ering some couples with a larger number of bolts);

- the method is applicable to a test stand which is less equipped, by eliminat-
ing the machines chain;

- the scheme operation is stable, there is no danger for occurring the oscilla-
tions or for losing the synchronism;

- the active power required from the supply mains is less than in the case of
the recoverable methods with machines chain indicated in literature, because the
losses of the machines belonging to the chain do not occur anymore;

- the differences between the theoretical pre-determined loadings of the cou-
pled machines, when the losses are considered, and the experimental ones, show
that this consideration is correct and reflects the reality to a sufficient practical ex-
tent.

The original proposed method has been used for over five years by an electric
machine producer. All the above conclusions have been confirmed, as well as the
utility of this study for the industrial practice.
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2.3. The quasi-stationary and transient regime of the induction
machine supplied by two frequencies in the stator

The Ytterberg method is essentially in the category of synthetic loadings. Its
opportunity, in many ways is highlighted, at the scale of time, in publications [8],
[9], [10], [12], or books regarding the testing of electric machines [1], a.o. The
testing experience offers quantitative information regarding the necessary balance
of voltages and frequencies of the two sources.

Being a quasi-stationary regime, it is constituted of a succession of dynamic
regimes, the basic processes are not the same as in a simple usual functioning and
we could not exploit the mechanical characteristics, the vector diagrams which are
afferent to the stationary regime etc. The amplitudes of the machine’s currents
oscillate in the limits which must be necessarily taken into consideration. The same
thing regarding the oscillations of the resulting electromagnetic couple etc.

All these aspects can be convincingly highlighted by simulations.
A 340 kW induction machine subject to simulations, is considered started,

supplied with nominal voltage and frequency and in idle running. At t=2s we apply
the voltage u2 of frequency f2.

The simulations regarded especially the currents isd(t) and the voltages su ,

usd (t) of the stator windings, the electromagnetic couples m(t) şi m().
We analysed the effect of the frequency f2 for a given balance U2/U1N=0.2.

The considered frequencies were f2/f1N=0.90.
In fig. 7 we showed the current isd (t), the same with the current of the stator

A phase winding. We highlighted the dynamic process from t=2s ending with an
oscillating one.

Figure 7. The characteristic isd(t)=iA(t).
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In figure 8 we have represented the winding voltages of the stator phase us

and usd(t)=uA(t). The representations show some evolutions of the amplitudes
which are framed in the limits U1U2 .

Figure 8.a. The characteristic u2.

Figure 8.b. The characteristic usd(t)=uA(t).
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Figure 9 represents the detailed characteristic m() for t >2s: we have pre-
sented the transition from the transitory evolution to the quasi-stationary one on a
limit cycle. Being dynamic characteristics, the point 1 of synchronism in frequency
f1, placed within the limit cycle, corresponds to important positive and negative
dynamic couples.

Figure 9. The characteristic m() – detail.

Observations
An advantage of this method is the absence of the mechanical couple neces-

sity with a machine of the same power and revolution. This advantage becomes
major in the case of induction machines with vertical shaft.

The disadvantages of the method, which affect the precision of the factory
experimental determinations, are highlighted by the presented simulations. The
application to the machine terminals of a non-sinusoidal voltage determines:

- major oscillations, first of all in amplitude, of the machine’s winding currents.
If we have in view the distorting regime and the speed oscillations of the rotor,
even if the effective wanted values are kept from the harmonic regime of the sta-
tor currents, the losses in these windings are high;

- the electromechanic transitory process provoked by a sudden introduction of
the secondary source (u2, f2), is major even for limit final reduced cycles and must
be avoided.
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On the whole, the main and supplementary losses in the induction machine
windings can differ notably form those in the harmonic regime; the same thing
about the iron losses. The average power absorbed by the induction machine cor-
responds to a power of the measure order of the total losses.

In order to limit the disadvantages of the method highlighted above, the in-
formation offered during the time by an important number of experimental tests
must be taken into account as reference points.

3. General conclusions

The proposed test method is obligatory for the three windings transformer
with different power per winding.

On the whole, the theoretical and experimental study has emphasized func-
tional particularities of the synchronous machines and, on this basis, the possibility
of establishing several regimes, which are of interest in practice. The proposed
method represents the single way to perform the thermal test of the high power
synchronous machines, at the manufacturer.

The above analysis, with the use of dynamic mathematical models notably in-
creases the information volume under the theoretical aspect and for the practical
reality, regarding the Ytterberg method, some of them are very difficult to be an-
ticipated in other ways.
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