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Abstract. The paper presents a study on synchronous 

machine that can operate as a generator and a compensator 

simultaneously. Modifying the field current, the reactive power 

injected into the supplying network is changed. An automated 

system is described which injects the maximum reactive power 

for a given amount of electrical active power, under the 

following conditions: the stator current is limited to the rated 

value, the field current is maximum admissible, the grid voltage 

is limited to a maximum reference and over-excited state of the 

machine is assured. 
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1. Introduction 

 
The synchronous machine is more and more used for 

wind electrical generation systems. For increased powers 

the electrically excited type is employed. For medium 

and low power the permanent magnet synchronous 

machine is used [1] or hybrid excited type, i.e. both 

permanent magnet and electrically field generation 

systems are used in correlation. In cases of electrically 

excited generators, when the machine is over-excited it 

generates reactive power into the grid. For long lasting 

industrial applications, for safety reasons, the thermal 

requirements should be met. Whatever the situation the 

stator currents must not exceed the rated value and the 

field current should not overcome their maximum 

admissible values. 

 

The synchronous generators inject active power into the 

grid, but can also inject reactive power in case they are 

over-compensated. The injected reactive power is 

controlled through the field current. The paper describes 

an automated system, attached to a synchronous 

generator, that has as objective to inject the maximum 

possible reactive power for any injected active power 

lower than the rated value, under the following 

conditions: the stator current is limited to the rated value, 

the field current is maximum admissible, the grid voltage  

 

 

 

 

is limited to a maximum set value and the over-excited 

synchronous generator operation is assured. 

 

When neglecting the stator resistance, the vector 

diagrams corresponding to the over-excited state are 

shown in Fig. 1.a (for round rotor generators) and 

Fig. 1.b (for salient-pole generators) [2]-[4], where: U, I  

are the voltage vector and the stator current vector 

respectively, Eo represents the back e.m.f. vector, Xs is 

the round rotor synchronous generator’s reactance, Xd, Xq 

are the salient-pole rotor synchronous generator’s 

reactance, δ is the load angle and φ represents the angle 

between the grid’s voltage vector and the generator’s 

statoric current vector. 

 

Based on the vector diagrams presented in Fig. 1.a, the 

following equation can be written: 
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Using the diagram shown in Fig. 1.b results:  
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where Id and Iq are the statoric current’s components over 

the direct and quadrature axis of the generator, defined 

as:  
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Replacing the currents from (3) in (2) yields: 
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Using (4) the quantities sinδ and cosδ are obtained. Then, 

summing the squares of these quantities and performing 

some calculations, the following relation is obtained: 
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It is obvious that if in (5), that is valid for the salient-pole 

generator, the reactances are set accordingly to 

sqd XXX ==  , expression (1) is obtained, valid for the 

round-rotor generator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a.        b. 
 

 

Fig. 1. Vector diagrams corresponding to the over-excited synchronous generator: 

a - round rotor; b - salient-pole rotor. 

 

2. Maximum admissible field current for a 

given electrical active power 
 
When the generator delivers to the grid an amount of 

active power less than the rated one (P < Pr) it stills can 

compensate only a part of the required reactive power by 

increasing the DC field current, in the over-excited state     

(Ie > *
eI ). The maximum admissible value of DC field 

current is Iemax corresponding to the rated stator current. 

The value *
eI  represents the optimal excitation when 

both the minimum stator current and maximum power 

factor (cosφ = 1) are obtained. In other words, it 

represents the minimum point of the V-curve I = f(Ie) for 

a given active power P. 

 

For salient-pole rotor the following data of the 

synchronous generator are known: rated power Sr, rated 

phase voltage and current Ur and Ir, synchronous 

reactance Xd and Xq, magnetizing characteristic Eo  = f(Ie).  

The generated reactive power and the phase angle 

between the voltage and the current are: 
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Replacing sinφ from (6) in (5) the maximum admissible 

field current yields: 
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so that, the generator delivers to the grid the set active 

power P, and the statoric current is less than the rated 

value Ir  (Ur represents the grid’s voltage rated value).  

 

For round rotor, Xd =Xq = Xs, using (7) the maximum 

admissible field current is: 
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Equations (7) and (7’) allow obtaining the maximum 

field current in the cases of salient-pole and round-rotor 

generators, corresponding to an over-excited state of the 

generator, when the injected active power into the grid is 

less than the rated value and the generator compensates 

the power factor of the grid where it is connected. 

 

 

3. Numerical example 
 
A round rotor synchronous generator the following data: 

Sr = 400 kVA; Ur,ph = 3470 V; f = 50 Hz; Xs = 50 Ω; 

R1 = 0; η = 1 (losses are neglected). The no-load 

generator curve is given in Fig. 2. 

 

 

 
 

Fig. 2. The no-load curve of the synchronous generator 
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The rated phase current: 
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The back e.m.f. *
oE , corresponding to the optimal field 

current *
eI  (when φ = 0) in case of rated values of the 

current and the phase voltage, can be obtained from 

Fig. 1.a (right triangle 0,, EIjXU rsr  - when φ = 0): 

 

VIXUE rsr 3966)42.3850(3470)( 2222*
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The optimal field current corresponding to this voltage is 
*
eI  = 9.05 A (see Fig. 2). 

 

Let us suppose that the generator must deliver to the grid 

an active power P = 200 kW. Using (7’) the maximum 

field current is: 

AfIe 1.14)5222(1
max == −  

 

Table 1 shows the maximum admissible field current 

variation with the generator’s load. 

 

Table 1: The generator’s maximum admissible field current and 

powers when I = Ir. 

 

P [kW] 400 300 200 100 0 

Q [kVAr] 0 265 346 387 400 

Iemax [A] 9.05 12.3 14.1 14.9 15.1 

 

As conclusion when stator current is constant (here rated 

value), the active power decreases, the reactive power 

injected into grid increases and the maximum admissible 

field current also increases. For rated active power the 

reactive power is null. For no load operation the reactive 

power is maximum and so is the field current (15.1 A). 

The maximum compensation for the rated stator current 

regardless the electric active power is obtained for a field 

current between (9.05 … 15.1) A. 

 

4. Reactive power compensation automated 

system 
 

The automated system has to fulfill the following 

conditions: 

• regardless the delivered electric active power, 

the system generates the maximum reactive 

power by automatic adjustment of the field 

current; 

• the stator current must not exceed the rated 

value; 

• the generator is over-excited, that is Ie > *
eI  

regardless the delivered electric active power.  

 

The generator can operate under-excited at rated current 

(Ie <
*
eI ) but it needs reactive power from the grid and so 

the grid’s power factor is affected. To avoid this situation 

the optimal field current curve )(*
PgI e =  is needed. If 

100% efficiency is considered (losses are neglected) then 

the optimal field current characteristic can be extracted 

from (1) if voltage and current are considered in phase (φ 

= 0).  

 

Current I can be expressed: 
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where Ur is the rated voltage. Table 2 presents the 

optimal field current )(*
PgI e =  

  
Table 2: The generator’s optimal field current (for previous 

numerical example). 

 

P [kW] 0 100 200 300 400 

*
eI  [A] 

7.51 7.60 7.83 8.35 9.05 

 

In order for the system to compensate regardless the 

electric active power P, the field current must always be 

greater than values shown in Table 2. 

 

In addition to the previously presented conditions, the 

system must perform grid voltage regulation. Under no 

case it must exceed rated value especially for low power 

grids. This is achieved by limiting the field current [6].  

 

The diagram of the automated system is presented in 

Fig.3. The main components are: current transducers 

(TC1, TC2), grid voltage transducer (TTR1), field’s 

voltage transducer (TTR2), freewheel diode (DRL), 

switch transistor (IGBT), processing unit (µP), single-

phase bridge (MB), filtering capacitor (Cf), and driver 

(D).  

 

The schematic is designed for medium voltage grids 

(6 … 15 kV). In this case, a transformer should be added 

before (MB) to lower the voltage , (TTR1) is connected 

to the bridge input. 

 

The maximum variation of the field current is obtained 

for generator’s low loads when maximum compensation 

is requested. This variation should not influence the 

dynamic stability of the generator. I other words, the 
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automated system should change the field current at a low rate. If the field current is not constant the ripple of 

this current is small and has no influence over the 

dynamic stability of the generator.  

 

The transducer (TTR1) reads the transmitted supplying 

grid voltage to the microprocessor. The transducer 

(TTR2) monitors the rectified voltage given supplied by 

the MB bridge, and the (D) driver controls and fully 

protects the IGBT (i.e. overloads, temperature, short-

circuits) [7]. 

 

 

 

 

 
Fig. 3. Automated system diagram. 

 

 

5. Conclusion 

 

The synchronous machine can simultaneously operate as 

a generator and a compensator. Changing the field 

current, the reactive power exchanged with the grid is 

modified. The paper deals with the over-excited 

synchronous generator. Thus, for a given load (active 

power P) and a stator current less than the rated value, 

the maximum field current can be deducted so that the 

maximum reactive power is achieved.  

 

The presented regulation system has a simple 

configuration and it is easy to be manufactured due to its 

cheap and safe components. It performs the following 

tasks: the stator current is limited to the rated value, the 

field current is maximum allowed, the grid voltage is 

limited to a set value and the over-excited state of the 

machine is assured regardless the active power load.  

 

This design can also be used for greater powers for low 

and medium voltage generators. In case of medium 

voltage it is recommended to use a transformer before the 

rectifier to lower the voltage in accordance with grid 

voltage and excitation voltage. The time response is 

small and it depends on the excitation circuit inductance. 

 

The synchronous generators are used for wind energy 

generation systems (local grids) but also for classical 

power generation stations that deliver the energy for 

national grids. For these generators, the described system  

is very useful. Moreover, the implementing cost is low 

due to the schematics simplicity. 
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