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ABSTRACT  The control strategy for a DFM-based generator 
developed by the author as well as examples of time-dependencies 
measured with the application of laboratory stand are presented  
in the paper. The differential equations and flux-current dependencies 
describing current controlled DFM as well as the Laplace transformation 
of the equations are also given. The operational transmittances of DFM 
for input quantities and disturbances are defined. The transient responses 
of DFM are determined on the basis of the defined operational 
transmittances. A delta function and a step function are taken into 
consideration as input functions. The derived operational transmittances 
of DFM allow for penetrating analysis of controlled structure and 
formulating the detailed conclusions. 
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1. INTRODUCTION 
 

Nowadays, slip-ring machines are mainly applied as generators in uncon-
ventional electric power systems converting wind or water energy. A slip-ring 
machine works as a doubly fed machine (DFM) with stator winding connected  
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directly to the grid and rotor winding connected to the grid via bidirectional 
frequency converter and isolating transformer. The frequency of induced voltage 
is not depended bijectively on the angular velocity of DFM in contrast to synchronous 
machines being basis for majority conventional electric power systems. This 
feature considerably facilitates a choice of a drive for generator. It is especially 
meaningful in wind and water turbines working with variable rotational speed. 
An application of DFM with converter-fed rotor winding is economically grounded 
in these cases. The DFM may also be applied in the electric power system of  
a ship which uses power reserves of a main drive. 

The choice of a structure of a control system for DFM working as  
a generator in electric power systems depends mainly on the installed capacity 
of the considered system. A proper operation of DFM-based generator connected 
to the grid is guaranteed by the main controllers of active and reactive power 
adjusting internal controllers of rotor current components [1, 2, 3, 4, 5, 6] but the 
outputs of power controllers should by transformed to the rotor-oriented coordinate 
system where the rotor current is generated. A rotor position angle required as 
an argument of the abovementioned transformation may be measured by  
a position sensor or estimated in control system.  

The solutions allowing to eliminate a measurement of rotor position angle 
in DFM control systems are known from the literature sources [1, 2, 3, 4, 5, 6, 7, 8]. 
An application of a phase locked loop (PLL) in order to eliminate the rotor 
position sensor (encoder) was proposed in the paper [2] and previous papers of 
that author. The structure of PLL known from radio engineering was directly 
copied in those proposals, thus the satisfactory results were not achieved. 
Numerical calculations and experimental results inserted in the papers affirmed 
poor dynamics of the proposed systems. The interactions of active power and 
reactive power as well as distortion of current waves and power were observed. 
The poor dynamics was also observed in the control system proposed in [1] 
where the rotor position angle was calculated on the basis of measured and 
estimated rotor current. In this solution the rotor current phase vector was 
defined in two different coordinate systems: rotating and immovable ones. The 
sensorless control system for DFM presented in this paper (Fig. 1) [4, 5, 6, 7] 
allows achieving dynamic properties similar to the systems equipped with 
position sensor. 

In the proposed structure (Fig. 1) a phase locked loop replacing a position 
sensor controls the phase angle α between measured voltage of stator and 
estimated current of rotor [6]. The PLL consists of proportional-plus-integral (PI) 
controller and integrator. In both cases, i.e. in the proposed system and in the 
encoder-based system, the rotor position angle γt is the output quantity. This feature 
distinguishes the abovementioned systems from the system known from literature 
sources where PLL is used in order to estimate the phase angle γi of rotor current. 
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Fig. 1. The PLL-based control system for DFM estimating the rotor position angle 
 

a) 

 
b) 

  
 

Fig. 2. Time dependencies – examples of synchronization  
of the DFM control system, where p, q are active power and 
reactive power of the DFM, tsin ,cos γγ t  are functions of rotor 
position angle estimated in the control system 
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a) 

 
b) 

  
 

Fig. 3. Transient responses of the system shown in Fig. 1 to 
a step-change of active and reactive power references 

 
The examples of phase and frequency synchronization of the control system 

as well as transient responses of the system to a step-change of DFM active and 
reactive power references are shown in Fig. 2 and 3, respectively. The presented 
time-dependencies were obtained as a result of experimental investigations [5].  
A slip-ring machine 1,1 kW driven by separately excited dc motor 1,5 kW was used  
in the experimental investigations. The inverter-fed DFM was controlled according to 
the block diagram (Fig. 1) on the basis of microprocessor system working in real time. 

 
 
 

2. EQUATIONS DESCRIBING  
CURRENT CONTROLLED DFM 

 
Differential equations and flux-current dependencies describing stator winding 

of induction machine related to the Cartesian coordinate system x-y connected to the 
stator voltage vector (grid voltage vector) are expressed as follows 
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rxmsxssx iLiL +=ψ ,             (3) 
 

rymsyssy iLiL +=ψ .             (4) 

 
The components ψsx, ψsy of phase vector (vector, in short) of stator flux 

and components isx, isy of stator current vector included in the equations are 
state variables whereas components irx, iry of rotor current vector are input 
quantities if the rotor winding of DFM is fed by a current source. The changes  
of stator voltage us or its angular frequency ωs are assumed to be the disturbances. 

A true current source feeding the rotor winding of DFM is made mostly  
as a current controlled voltage source inverter with closed loops applied for output 
phase currents of voltage source inverter (VSI). It should be noted that dynamics 
of the abovementioned current source depends also on parameters of the winding. 
Thus, the input quantities irx, iry cannot change abruptly i.e. as a step function. 
However, there is possibility of very fast changes of currents as a consequence 
of relatively high voltage occurring on terminals of rotor winding. Additionally, the on-
off controllers with hysteresis (hysteresis controllers) applied for phase currents  
of rotor cause quick changes of current components irx, iry. The hysteresis 
controllers of rotor currents adjust the width of the VSI output pulses. 

In accordance with Figure 1, the error actuated control system for DFM 
with active power feedback and reactive power feedback is considered. The power 
is generated to the grid via DFM stator winding. The frequency of stator (grid) voltage 
is a constant parameter while the variations of voltage rms can reach some percent. 
In practice the voltage rms may also be assumed to be a constant parameter. 
Thus, according to the dependencies (5) and (6), the control of active and reactive 
power of DFM is reduced to the control of components isx, isy of stator current 
vector in x-y coordinate system connected to the stator voltage vector.  

 

sxsiup −= ,              (5) 

sysiuq −= .              (6) 
 

These components may be interpreted as controlled variables and as the 
output state variables. In the further considerations, just the increments of these 
quantities will be taken into account as a response of DFM to changes of the 
input quantities irx, iry. They will be used to define the operational transmittances.  
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3. OPERATIONAL EQUATIONS DESCRIBING DFM  

AND CURRENT TRANSFORMS 
 

The equations (1), (2) and dependencies (3), (4) transformed to the operational 
form are expressed as follows 
 

ssyssxssx UIRs ++−= ψωψ , (7) 

 

sxssyssy IRs ψωψ −−= , (8) 

 

rxmsxssx ILIL +=ψ , (9) 
 

rymsyssy ILIL +=ψ , (10) 

 
where ψsx = ψsx(s), ψsy = ψsy(s), Isx = Isx(s), Isy = Isy(s), Irx = Irx(s), Iry = Iry(s), Us = Us(s). 
The abovegiven equations and dependencies should be transformed in the way 
allowing to derive transforms Isx, Isy of controlled quantities and then to define 
the operational transmittances of DFM. Consideration of dependencies (9), (10) 
in equations (7), (8) results in system of equations with unknowns Isx, Isy. The 
transforms of stator current vector components are the solution of this system. 
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The number of parameters occurring in the abovegiven dependencies can be 

reduced if time-constant Ts = Ls/Rs for stator winding is defined. 
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4. OPERATIONAL TRANSMITTANCES 

 
According to Figure 1, the active power controller exerts influence on 

DFM by controlling variable irxref. The reactive power controller likewise exerts 
influence on DFM by controlling variable iryref. Therefore, the operational 
transmittance defined as 
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may be called as a leading transmittance whereas the transmittances 
determining the influence of other quantities – as disturbance transmittances 
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The significant influence of the grid voltage us on the controlled variables 

isx, isy as a result of relatively small value of resistance Rs may be concluded on 
the basis of the abovegiven dependencies (15), (16) whereas interactions of the 
controlled variables isx, isy and input quantities iry, irx in different axes of coordinate 
system x-y connected to the stator voltage vector are not large, according to the 
dependency (14). 

 
 

5. TRANSIENT RESPONSES OF DFM 
 

As it was mentioned in the Introduction, the components of rotor current 
vector cannot changing abruptly i.e. as a step function. It also concerns pulse-
changes having character the delta function. Therefore, the following derivation 
of delta function k(t) and step function h(t) has mainly theoretical meaning. 
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However, changes of input quantities irx, iry caused by relatively high voltage 
occurring on terminals of rotor winding are much faster than changes of transient 
component of stator current and therefore, the obtained time dependencies are 
similar to the true ones being the response of DFM to a step-change of the 
reference components irxref, iryref.  
 
Delta function responses 

The derived operational transmittances were transformed to the form allowing 
finding the time-equivalents: 
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Considering the unit area of delta function δ(t) the time-equivalents for the 
abovegiven operational transmittances are as follows: 
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Each obtained time dependency for t ≥ 0 is the DFM response to input 
quantity changing as a delta function. It should be noted that the DFM responses 
(23), (24) to the grid voltage us changing as a delta function formulate equations  
of harmonic oscillator. The initial magnitude of weak damped oscillations can  
be large for typical values of stator self-inductance Ls (2…3) expressed as  
a dimensionless quantity. A short-lived disappearance of the grid voltage occurring 
as a result of damage of the power system may be considered as a pulse-change 
of the voltage us. The oscillatory transient component included in the equation (21) 
as well as the equation (22) also formulate harmonic oscillator but with much 
smaller magnitude of oscillation (typical values of resistance Rs expressed as  
a dimensionless quantity are about 0,02…0,05). Thus, the influence of input 
quantities irx, iry on magnitude of disappearing oscillations of controlled variables 
isx, isy is much smaller than influence of voltage us. The problems of oscillations and 
their dampening were discussed in papers [4] and [5], respectively. 

 
Step function responses 

The transform of DFM response to the input quantity changing as a unit step 
function 1(t) may be obtained as follows 
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Assuming: ( ) 1222 1

−
+= ssTc ω  in the abovegiven dependency: 
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The following simplifications were assumed in the abovegiven dependencies for 
typical relative values of time-constant Ts: 
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a) 1>>= ssss RXT ω , where the stator reactance Xs is given as follows: Xs = Lsωs 
b) 2πω ≈ssTarctg  

c) 02 ≈c . 
 
Considering the abovementioned simplifications: 
 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−≈ t

T
t

X
R

L
Lth s

ss

s

s

m ωsinexp1 , for t ≥ 0 (27) 

 

The step function response (27) corresponding to the leading transmittance includes 
the unit step function and the oscillatory transient component with a small initial 
magnitude. The step function responses are likewise derived for disturbances: 
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Considering any step-change of rotor current or stator voltage, the abovegiven 
dependencies should include the magnitude of this step-change. For example  
if us = Usn·1(t) the rough step function responses are as follows: 
 

( ) t
T
t

X
Uth s

ss

sn
x ωsinexp"

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−≈           (31) 

 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−≈ t

T
t

X
Uth s

ss

sn
y ωcosexp1"         (32) 



Analysis of influence of input quantities and disturbances on generator operation… 37 

The DFM transient response (32) to the step-change of grid voltage us from 
zero to the rated value includes oscillatory transient component and steady 
component – magnetizing current. This dependency deals with stator current 
component isy. In accordance with dependencies (31) and (32), the initial magnitude 
of stator current oscillations determined by step-change of voltage us from zero  
to the rated value equals to the magnetizing current. 

 
 
 

6. CONCLUSIONS 
 

The derived operational transmittances of current controlled DFM allow 
for the penetrating analysis of controlled structure and as a consequence  
it allows formulating the following conclusions: 
1. The components of DFM stator current vector expressed in the coordinate 

system connected to the stator voltage vector may be considered as controlled 
variables instead of active and reactive power because of high stability of grid 
voltage and frequency. 

2. The input quantities i.e. components of rotor current vector cannot change  
as a step function. However, the rapid changes of rotor current are possible 
as a result of the relatively high voltage occurring on terminals of rotor winding 
and application of on-off controllers for phase currents of rotor. Then, the 
properties of current controlled DFM may be evaluated on the basis of transient 
responses i.e. delta function response and step function response. 

3. There is a strong impact of grid voltage on the controlled variables as a result 
of small value of stator resistance in the considered DFM control system whereas 
the interactions of controlled variables and input quantities in different axes  
of coordinate system x-y connected to the stator voltage vector are not large. 
It means that the step-change or delta-change of grid voltage (disappearance 
of voltage in damaged power system) cause the large-magnitude oscillations 
of both components of stator current. 
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ANALIZA WPŁYWU WYMUSZEŃ I ZAKŁÓCEŃ  
NA PRACĘ GENERATOROWĄ MASZYNY  

DWUSTRONNIE ZASILANEJ 
 
 

Andrzej POPENDA 
 

STRESZCZENIE    W pracy zaprezentowano opracowaną 
przez autora strategię sterowania pracą generatorową maszyny dwu-
stronnie zasilanej (MDZ). Zaprezentowano przy tym przebiegi czasowe 
zmierzone na stanowisku laboratoryjnym. Podano równania różniczkowe 
oraz zależności strumieniowo-prądowe opisujące MDZ sterowaną 
prądowo, jak również przekształcenie Laplace’a przedstawionych równań. 
Zdefiniowano transmitancje operatorowe dla wielkości wymuszających  
i zakłóceń. Określono odpowiedzi czasowe MDZ na wymuszenia  
w postaci delty Diraca i skoku jednostkowego na podstawie zdefinio-
wanych transmitancji operatorowych. Wyprowadzone transmitancje 
operatorowe pozwoliły na wnikliwą analizę struktury sterowania oraz 
sformułowanie szczegółowych wniosków. 
 
 
 
 

 


