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Abstract: This paper describes new and original method 
for measurements of additional power losses for the 
purposes of indirect determination of efficiency of the 
synchronous machines. This method is based on 
electrical measurements on the machine that operates in 
synchronous compensator mode. The values of power 
losses in the stator iron in conjunction with all additional 
power losses in various synchronous generator modes are 
determined by recalculating the measured values from 
the synchronous compensator mode.  
Keywords: Synchronous machine/ Additional power 
losses/ Power losses in the iron core/ Machine’s 
efficiency / Synchronous compensator 

1. INTRODUCTION 

Efficiency (η) of the  synchronous generators can be 
directly determined based on direct measurements of the 
values of the emitted power (Pe) and the absorbed 
mechanical power (Pm), in terms of their relation. 

me PP /=η      (1) 
In this procedure, absorbed mechanical power of the 
generator is determined on basis of the mechanical 
torque values of the drive machine, which is measured 
by shaft measuring unit or by classical torque measuring 
device. During a measuring process in the test station, 
inaccuracy as a unique problem occurs in torque 
measurements due to inadequate shaft measuring unit or 
due to inaccuracy of torque-measuring device for 
selected torque measurements. Beside this, the nominal 
power of big synchronous generators often surpasses the 
possibilities of the test bed in terms of direct load 
measurements. 
In such cases the producers of synchronous generators 
often use indirect ways of determining the efficiency 
values by calculating total losses in generator according 
to the following equation: 
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where  PT  is a sum of total losses in the generator.  These 
losses of synchronous generators in brushless execution 
consist of the following components: 

fwexcadFecufcusT PPPPPPP +++++=   (3) 
where:  Pcus – losses in the stator copper, Pcuf – losses in 
the field winding, PFe - losses in the stator iron core with 
the additional no-load losses, Pad -additional load losses, 
Pexc - losses in the excitation machine, Pfw - friction and 
ventilation losses. 

Among above mentioned losses, in the measurement 
methods the determination of the total power in the iron 
core (PFe) and additional load power losses (Pad) in 
different operating modes of the generator is the most 
difficult thing to do. 

Concerning copper losses (Pcus ; Pcuf), they are 
determined by stator and rotor resistance in warm 
condition of the generator at load defined by nominal 
current and nominal power factor at the ambient 
temperature of 250C (acc. to IEC 60034-2-1). 
 
2. ABOUT LOSSES IN THE STATOR IRON CORE 

Stator iron core losses (PFe) appear due to change of 
the basic harmonics of the electromagnetic induction in 
the specific parts of the stator iron core (Pfe) and due to 
the appearance of the additional no-load losses (Pad0). 
Total losses in the stator iron core are: 

0adfeFe PPP +=     (4) 
Additional no-load losses appear in conjunction with 

the base stator iron core losses. They are inseparable. 
Because of that in the later considerations of the stator 
iron core losses (PFe) it will be taken into consideration 
that they always imply additional no-load losses. Their 
name comes from the fact that their values can be 
determined by measurement in the no-load mode. Stator 
iron losses with the additional no-load losses are 
proportional to the square of the magnetic induction (Bδ

2) 
in the machine. This means that in the loaded generator 
mode their values should be defined from the diagram of 
the no-load stator iron core losses at those voltages that 
correspond to the induced voltages of the generator (Eg) 
in loaded mode. Other possibility is to recalculate the 
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measured values of the stator iron core losses in the no-
load mode at nominal voltage in square relations to the 
nominal and induced voltage. This group of the 
additional losses consists of the following losses:  
− surface losses in the pole shoes, 
− losses in the pole plates for the iron laminations 
stiffening, 
− losses due to the flux pulsations in the no-load, 
− iron core power losses due to the higher harmonics in 
the no-load magnetic induction distribution. 

Above mentioned components of the additional 
losses in the no-load mode we cannot determine 
separately, but in electrical calculations their values are 
calculated separately. 
 

3. ADDITIONAL LOAD LOSSES 
These additional losses (Pad) depend on square value 

of the stator currents (Is
2) of the synchronous machines. 

They appear in all modes in which currents flow 
through stator windings and with the same values of the 
stator currents they have same values regardless of the 
working mode of the machine. As a result of this, their 
values can be easily determined by measurements in the 
stator short circuit mode. Because of that, the additional 
losses are often named as „additional losses of the short 
circuit mode“. In this mode, due to very small magnetic 
induction in the machine (Bδ≈0), stator iron core losses 
(PFe≈0) have negligibly small value.  
This kind of the power losses belong also the following: 
− stator winding skin effect losses, 
− pole shoe and dumper cage power losses due to the 
higher harmonics of the magnetic excitation stator force, 
− losses of the end plates for the stiffening  
− additional losses in the rotor iron core and in dumper 
cage due to the higher harmonics of the magnetic 
excitation stator force. 

Above mentioned components of the additional 
losses in the short circuit mode cannot be separately 
determined by measuring, but in electrical calculations 
we calculate them separately. 
 

4. EXISTING MEASUREMENT METHODS 
For better understanding of the new proposed 

method for determining the additional losses we will 
briefly describe the actual state. 
In the books and in the IEC standards for determining 
the additional losses we can find two measurement 
methods:  
- Generator mode no-load measurements 
- Generator mode short circuit measurements.  

4.1 generator mode no-load  measurements 
Performed for the purposes of the determining the 

generator iron core losses (PFe) in different generator 
modes. 

During no-load mode, generator terminals are 
opened. Generator is via torque measurement shaft 
driven on the synchronous speed (ns) with variety of the 
field currents (If0) supplied form the independent source. 
The following values are being measured: 

− No-load mode field current (If0), 
− Induced no-load stator terminal voltages (U0) 

− The value of the torque from the drive machine 
measured by torque measurement shaft or 
torque measuring device (T0) 

− Synchronous speed (ns) 
Based on these values the no load mode characteristic x 
U0=f(If0) and the value of the no-load power (P0) are 
determined. The values of the no-load power are: 

snTP ⋅⋅= 00 30
π

   (5) 

Let’s assume that the values of the friction and 
ventilation losses (Pfw) based on above mentioned 
measurements are already known and that the field 
winding voltage is obtained from the independent 
source, then the total stator iron core losses (PFe) will 
have the value as follows: 

fwFe PPP −= 0      (6) 
The characteristic curve of stator iron core losses in 
percentage of the rated power PFe=f(Upu) for the area of 
relative values of the induced voltages 1<Upu<1.15 is 
shown on the Fig. 1. 

 
Fig. 1. Stator iron core power losses as a function of the 

relative values of the induced voltages 
 

It can be seen that this curve rises with the square of the 
induced voltages and can be used for determining above 
mentioned losses in all generator modes. 

 
4.2 Measurements in the generator short-circuit 
mode 

These measurements are performed for the purposes 
of obtaining the values of the additional losses (Pad). 
In this mode the generator terminals are short circuited 
by ampere meter. The generator is driven by torque 
measurement shaft to its synchronous speed (ns) with 
different values of the field current (Ifc) from the 
independent source. 
The following values are being measured: 

− Short circuit field current (Ifc) 
− Short circuit armature currents (Isc) 
− Drive torque values using measurement shaft or 

torque measuring device scale (Tsc) 
− Synchronous speed (ns) 
− Armature resistances per phase (Rs) 

Based on measurements the short circuit 
characteristic Ifc=f(Isc) is determined and the values of 
the absorbed mechanical power in the short circuit (Psc) 
is calculated by equation: 
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sscsc nTP ⋅⋅=
30
π

   (7) 

The losses in the armature copper in the short circuit 
experiment are: 

scsccusc RImP ⋅⋅= 2    (8) 
Indexes m, Rsc present the number of phases (m=3), and 
the mean value of the stator resistance per phase during 
the experiment respectively. 

Let’s assume that the friction and ventilation losses 
(Pfw) are determined by earlier measurements and that 
the iron core losses due to the negligibly small magnetic 
induction in the iron core in the short circuit mode are 
negligibly small (PFesc=0) and that the field winding is 
supplied independently during this experiment. Then, for 
the determining the values of the additional losses (Pad) 
we can use the following equation: 

fwcuscscad PPPP −−=    (9) 

Based on the equation (9), we can draw a graph of the 
changes of the additional load losses (short circuit) as a 
function of the armature current Pad=f(Is). The 
characteristic shape of this curve is shown on the Fig. 2. 

 
Fig. 2. The change of the additional load losses in the 
percentage of the nominal power as a function of the 

relative value of the stator current. 
 

It can be noticed that the additional load losses 
depend only on the square of the stator currents. From 
that we can conclude that these losses with the same 
stator currents have the same values in all modes of the 
synchronous machines. 
 

5. DESCRIPTION OF A NEW COMPENSATOR 
MODE MEASUREMENT METHOD 

This measurement method has advantages over other 
measurement methods, because without torque or 
mechanical power measurements on the generator shaft, 
it provides more reliable and accurate determination of 
the losses. 

The goal of this method is to determine indirectly the 
values of the stator iron core losses and additional load 
losses of the generator modes using the measurement 
results in the compensator mode.  
This method is based on the following two facts: 
 −Additional load losses, with the same currents in the 
generator and compensator modes (Igs=Ics) have the same 
values: 

cadgad PP =     (10) 

−Power losses in the stator iron core, with the same load 
currents in the generator and compensator modes 
(Igs=Ics) due to the reduced induced voltages in generator 
modes (Eg<Ec) will have the smaller values than in 
compensator modes (PgFe<PcFe). From that comes out 
that the losses in the stator iron core in generator mode 
can be determined based on values from the compensator 
mode and their values can be recalculated by using 
squared relation of their induced voltages. Therefore: 

( )2cgcFegFe EEPP =     (11) 
It can be noticed that in this new method, the key role 
plays the induced voltages values in the compensator 
modes (Ec) and in the generator modes (Eg). Their values 
can be determined by the measured value of the stator 
copper resistance (Rs) and dissipation reactance (Xsσ) of 
the stator windings. 

Using the fact that the generators can be loaded with 
different power factor values (cosϕ), the induced 
voltages can have different values and they, related to the 
nominal voltage, slightly increase with the increase of 
the stator load current (Is).  
Using the vector diagram of the synchronous generators 
for determining the values of the induced voltages at 
different power factors (cosϕ) we can write the following 
equation: 

22 )sin()cos( σϕϕ SSSSSSg XIURIUE +++=  (12) 

The US represents the phase grid voltage. 
Based on a fact that in the compensation modes, the 
value of the power factor is close to zero (cosϕc≈0), the 
induced voltages belonging to these modes, can be 
determined using the following equation: 

22 )()( σSSSSSc XIURIE ++=   (13) 
The values of the induced voltages and load currents 
expressed in relative unit are: 

Egpu=Eg/Usn  ;  Ecpu=Ec/Usn  ;  Ispu=Is/In (14) 
With the Usn i In we designated nominal values of the 
voltage and current in the armature phases in the 
generator mode. 

The characteristic shape of the change of the induced 
voltages values of the overexcited machine in a function 
of the load currents expressed in the relative unit values 
with the different power factors (cosϕ=0 , cosϕ=0.8 , 
cosϕ=0.9 ind, i cosϕ=1 ) are shown on the Pic.3. 

It can be noticed that the relative values of the 
induced voltages at the same load currents have the 
highest values at the power factor cosϕ=0, e.g in the 
compensator modes. At no-load modes, the values of the 
induced voltages have values equal to the phase grid 
voltage (Ecp0u=Eg0pu=1) regardless the power factor.  

 



4 

 
Fig. 3. The change of the relative values of the induced 
voltages of the overexcited machine at different power 
factors in a function of the relative values of the load 

currents 
 

5.1 Determining the losses in the iron core and 
additional losses in the compensator modes 
For the purposes of measuring the above mentioned 

losses, the synchronous machine is being tested as a 
overexcited synchronous motor in no-load mode, without 
mechanical load on its shaft end. It is recommended to 
perform the test procedure at the nominal voltage 
(Us=Usn). If it isn’t possible in the test station, we can 
also do it at the reduced voltage value (Us∗<Usn) of 
constant value (Us∗=const). 
 
5.1.1 Description of the compensator test method at 
the nominal voltage 

When using this method, the synchronous machine is 
put into a compensator mode at the nominal voltage, 
which is often used for the grid power factor correction. 
All the measurements in this procedure are to be 
performed when the machine is cold and the losses in the 
stator copper should be calculated based on the earlier 
measured cold resistances.  

In this procedure, the field windings need to be 
supplied by independent power source. With the 
synchronous machines equipped with the slip rings and 
brushes it is not a problem. With the machines supplied 
using brushless DC generator, this routine also does not 
make such a problem, because on the plates of the 
rotational diode rectifiers, the producers mostly put 
temporary rings and brushes for the measurement of the 
field current of the main generator while loaded.  
Because of the independent excitation, the losses in the 
field winding (Pccuf) and on the brushes (Pcb) are covered 
by the independent source. All other losses will be 
covered from the grid. This means that in the 
compensator mode, the values of all other losses (PC) can 
be determined with pure electrical measurements from 
the grid side.  

Assuming that based on the earlier measurements we 
know the friction and ventilation losses (Pfw), the values 
of the iron core losses with all additional losses (PCFead) 
in compensator mode will have the following values:  

fwCcusCCFead PPPP −−=    (15) 
The values of the losses in the stator windings PCcus 

can be calculated on the basis of the measured cold 
resistances Rs and current ICs in stator windings as 
follows: 

sCsCcus RmIP 2=    (16) 
Total iron core losses and additional losses according to 
the equation (15) consist of the two components: 

adCFeCFead PPP +=    (17) 
The first component PCFe represents the sum of the losses 
in the stator iron core in loaded conditions in 
compensator mode. Therefore, with the same voltage and 
load currents, it has different values depending on 
different operating modes of the synchronous machine. 

The second component Pad depends only on load 
current of the machine, and because of that with the same 
currents, these additional power losses will have the 
same values in the all operating modes. 

The general change of the total losses in the iron core 
together with the additional load losses (PCFead), and their 
components (PCFe, Pad) in compensator mode as a 
function of a relative value of the stator load current (Ispu) 
with the constant nominal votage (Us=Usn=const.) are 
shown on the Fig. 4.  

It can be noticed that the curve PcFead=f(Icspu) cuts the 
ordinate at the point PFe0. In this point the additional load 
losses dissapear (Pad=0) because of ICs=0. Due to that, 
the point PFe0 at the nominal voltage represents the stator 
iron core losses in the no-load generator mode. This 
point allows us to separate the total iron core losses 
together with the additional load losses into two 
components (PCFe, Pad) which we defined in the equation 
(17). 

Fig. 4. Change of values of the losses (PCFead) and their 
components (PCFe ; Pad  ) as a function of relative values 

of the load currents 
 

Stator iron core losses will be as follows: 

( ) 2
0

2
0 cpuFescFeCFe EPUEPP ==  (18) 

Using equations (17) and (18) for the calculation of the 
values of the additional losses at different load currents, 
we can use the following equation: 

2
0 cpuFeCFeadCFeCFeadad EPPPPP −=−=  (19) 

We would especially like to note that the additional load 
losses with equal currents will have the same values in 
all operating modes of the machine including short 
circuit mode. 

The value PFe0 can be obtained with simple 
extrapolating the curve PCFead up to the ordinate. But this 
value we can also obtain using direct measurement. If in 
this mode with the constant voltage, we set the field 
current on the value which causes minimal stator current 

PFe0 
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than the machine switches to the no-load motor mode 
with the power factor cosϕ=1. At this point due to the 
small armature current, the additional losses are 
practically negligible. Because of that we can fairly 
approximate that PCFead≈PFe0 . 
 
5.1.2 Description of the compensator test method at 
the reduced voltage 

It is applied with the medium voltage synchronous 
machines in those cases where the test station cannot 
supply high enough voltage in its voltage regulation 
range. Then the test method described in the prior section 
will be performed at the reduced voltage (Us∗<Usn) that 
has a constant value equal to the highest voltage that is 
available in the test station’s grid. 

In later considerations, the values measured and 
determined on the machine at the reduced voltage, will 
be additionally designated with stars above their letter 
designations in the equations.  
The values of the induced voltage in compensator mode, 
at the reduceed voltage are:  

22 )()( σSCsSSCsC XIURIE ∗∗∗∗ ++=   (20) 
Let's start from the assumption that in this 

compensator mode we has already measured value of the 
absorbed power PC∗. Than, using the method, described 
in the 5.1.1 we can obtain the initial value of the stator 
iron core losses PFe0∗ at the reduced voltage and the 
values of the additional power losses Pad∗. 
Based on these data, we can recalculate their values at 
the nominal voltage. 

With the assumption that the current loads on the grid 
are equal with the current loads at the nominal voltage 
(ICs∗=ICs), we can determine the iron core values at the 
nominal voltage by recalculating using the following 
equation: 

( ) ( )22
0

2
0

∗∗∗∗ == sscpuFescFeCFe UUEPUEPP (21) 
Additional load losses, when using the case of the 

equal currents, will have the same values as those at the 
nominal voltage: 

( )20
∗∗∗∗∗ −== sCFeCFeadadad UEPPPP  (22) 

Here, we need to state that at large synchronous 
machines it often happens that the existing supply source 
for the field winding cannot supply such excitation 
currents that are needed for obtaining nominal stator 
currents in the compensator mode. 
In that case, we obtain the values of the additional losses, 
belonging to the other current loads, by recalculating the 
measured value of the additional losses (Padlim) which 
belong to the highest measured current (IClim) with the 
square relation of the stator currents: 

2
limlim )( CCsadad IIPP =   if it is:  ICs ≠ IClim (23) 

 
5.2 Determining the values of the iron core losses 
and the additional losses in the generator modes 

The values of the losses in the iron core in generator 
modes with the same armature values (Igs=Ics) are less 
than those in the compensator mode, due to the lower 
values of the induced voltages. Because of that, we need 
to determine their values in the generator modes at the 

different power factors (cosϕ) and different stator 
currents (Igs) by recalculating the values from the 
compensator mode. 

Most common practice is that the efficiency and the 
power losses in the generator mode are determined at the 
nominal power factor (cosϕ=cosϕn) and at the power 
factor cosϕ=1. 

Concerning additional losses, they will, with the 
same armature currents, always have the same values as 
in the compensator modes. 
 
5.2.1. Recalculating based on compensator test 
method at the nominal voltage (Us=Usn) 
Using the equation (18) the iron core losses at the 
different generator modes are:  

( ) 2
0

2
0 gpuFesgFeFe EPUEPP ==   (24) 

The values of the additional load losses at the same 
currents (Igs=Ics) will have the same values as those in 
the compensator mode: 

2
0 cpuFeCFeadad EPPP −=    (25) 

Total stator iron core losses in a sum with the all  
additional losses in generator modes are: 

( )22
0 gpucpuFeCFeadadgFeFead EEPPPPP −−=+=  (26) 

The change of the values of the sum of the power losses 
PFead in different overexcited modes at overexcited 
generator modes and at different power factors at the 
nominal voltage, as a function of the relative values of 
the load currents are shown on the Fig. 5: 

 
Fig. 5. The change of the sum of the iron losses with all 
additional losses in different generator modes as a 
function of the generator load current    
 
5.2.2. Recalculation based on compensator test 
method at the reduced voltage (Us∗<Us)             

Using the equation (21) the power losses in the iron 
core at different generator modes at the nominal voltage 
are:  

( ) ( )22
0

2
0

∗∗∗∗ == ssgpuFesgFeFe UUEPUEPP      (27) 
The values of the additional load losses at the same 
currents (Igs=Ics) at the nominal voltage will have the 
same values as those in compensator mode at the reduced 
voltage: see equation (22). 

Total iron core losses in conjunction with all 
additional power losses at the nominal voltage in 
generator modes are: 
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2

22

0 )(
)(

∗

∗
∗∗ −

+=
s

Cg
FeFeadFead U

EE
PPP   (28) 

6. NUMERICAL DISPLAY OF THE 
MEASUREMENT RESULTS 

Method of use of the exposed method will be shown 
on one existing generator made in ATB-SEVER. Rated 
data of the synchronous generator in brushless execution 
are: 
Type: GSOTE 400 Mk-6 
Nominal apparent power: S=360 kVA 
Nominal power factor: cosϕ=0.8 
Nominal voltage:  Un=400 V 
Nominal current:   In=520A 
Frequency: f=50 Hz 
Rotation speed: n=1000 min-1 
Hot stator and field winding resistance values are:  
Rs=0.00906 Ω  ;   Rf=1.041 Ω  ;   
Stator dissipation reactance value Xsσ=0.0433Ω 
 
6.1 Generator losses 

Numeric values of the losses will be determined only 
at the nominal load at the power factors cosϕ=0.8 and 
cosϕ=1, and the latest ones will be shown inside 
brackets. 
− Stator copper losses: Pcus=mIs

2Rs=7949.7 W 
− Field copper losses: Pcuf=If

2Rf=4341.4.4(2237.0) W 
− Friction ventilation losses: Pfw=1557 W 
− Additional load losses: Pad=1044.1 W 

The values of the additional load losses are 
determined on basis of the here exposed compensator 
mode using equation (19). The change of their values as 
a function of the load current is shown on Fig. 6. 

Fig.6 The change of the values of the additional losses as 
a function of the generator stator current 

 
Losses in the stator iron: PFe=2637.1(2391.9) W 
The values of the stator iron losses in different 

generator modes are determined on the described 
compensator method according to the equation (24).  

The change of their values at rated voltage as a 
function of the stator load current at different power 
factors are shown on Fig. 7. 
−Losses in the excitation machine: Pexc= 808.5(416.6) W  

These losses are determined according to the 
measured values of the excitation machine efficiency 
(ηexc=0.84) based on the following equation: 

exc

exc
cufexc PP

η
η−

=
1

   (29) 

 

 

 
Fig. 7. Stator iron losses change as a function of load 
currents at different power factors of the overexcited 

generator 
 

Note: Efficiency of the well dimensioned excitation 
machines are in range of 0.8<ηexc<0.9 for generator loads 
0<Is<Isn. If for ηexc we don't have the measured values for 
for more than 75% of the load Is≥ 0.75Isn we can take 
into account the constant upper value ηexc=0.9, and in 
load range 0<Is<0.75Isn we should use linear desrease to 
the lowest value ηexc=0.8. 
 
6.2 Efficiency of the tested generator 

In most cases the generator buyers look for values of 
the efficiency at the loads: 25%, 50%, 75%, 100%, 125%  
at power factors cosϕ= cosϕn and at cosϕ=1. Their 
values with the above mentioned generator are shown in 
the Table 1. 

cosϕ  η25%   η50%  η75% η100% η125% 
  0.8 92.443 94.372 94.530 94.006 93.354 
  1.0 94.244 95.932 96.122 95.841 95.445 
Table.1 Percentage values of the generator efficiency at 

various loads 

 
Fig. 8. Percentage change of the values of the generator 

efficiency as a function of the load current 
 

Beside the table form of the test results, it is common 
that the vendors submit the buyers also curves of the 
efficiency change in a function of the load current. These 
curves for the above mentioned generator are shown in 
the Fig 8. 

7. CONCLUSION 
The exposed method enables us to determine the 

values of the losses in the iron core and additional losses 
at the synchronous machines based on simple test 
methods in the compensator modes. This test method has 
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advantages over other test methods (both in literature and 
IEC) because it provides more reliable and accurate 
readings of the losses and efficiency values without 
measuring the torque and mechanical input. The above 
mentioned losses are firstly determined in compensator 
modes. Than, based on the obtained values, we obtain 
the required values in the generator modes, by 
recalculation. Because of these advantages, the authors 
suggest use of this method for large synchronous 
generators, where the efficiency cannot be determined in 
the test station by direct test method based on torque 
measurements in loaded modes.  
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