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Abstract

:

Flux estimation is a key feature of the field-oriented control for the electrically excited synchronous machine which enables the high-performance, high-dynamic drive behavior. In this work, an electrically excited synchronous machine flux estimator based on a current and voltage model is proposed. In this case, the transition between the estimators is done with a fuzzy logic set of rules. The flux estimator based on the current model of the machine in this paper considers the saturation and cross-coupling effect in both axis and it is suitable for applications where a limited amount of the machine data is available. The flux estimator based on the voltage model is specially designed for the drives where high voltage and current ripple is present under normal operating conditions, e.g., like in cycloconverter applications. To exploit all the advantages of both models, a fuzzy logic transition is proposed based on multiple choices which manages the transition between the models based on a speed and torque reference. The proposed flux estimator is experimentally verified on a cycloconverter fed salient-pole electrically excited synchronous machine. The experimental results clearly show that the proposed flux estimator enables the accurate and stable operating conditions for different operating points of the cycloconverter-fed salient-pole electrically excited synchronous machine.
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1. Introduction


High-performance electrical drives with electrically excited synchronous machines (EESMs) are often based on field-oriented control (FOC). FOC is a well-known control concept based on the transformation of the stator quantities into the rotating coordinate system oriented into the resultant magnetizing flux of the machine [1,2,3]. By doing so, the machine flux, and the torque can be controlled separately which than provides high efficiency drive by achieving the maximum torque per ampere (MTPA). To achieve this kind of independent control, i.e., decoupling, information about the space orientation and the amplitude of the magnetizing flux is the key feature in the application of the FOC of the EESM. Information about the magnetizing flux is primarily determined through different types of flux estimators based on the machine model and accurate machine parameters. Such estimators are commonly divided into two major groups: flux estimators based on the current model and flux estimators based on the voltage model of the EESM. Primarily the estimators based on the current model are used for low-speed ranges and the estimators based on the voltage model are used for the medium and high-speed range [4,5,6].



Flux estimators based on the EESM current model rely on the transformation of the stator quantities into the rotor refence frame. In this case, the machine flux is calculated as a product of the stator current and the machine inductance. Clearly, this method relies on the assumption that the machine inductances, i.e., direct and quadrature saturation characteristics, are known quantities, otherwise the errors in them will cause an error in the flux estimation. Furthermore, machine inductances are not constant in the whole operating region of the machine, rather they are highly dependent on the machine currents. Due to this dependency, machine inductances are often described as multivariable functions of the machine currents [7]. Calculation, or more precisely the estimation of these inductances is not an easy task because of their nonlinear and the cross-coupling properties in both axes, especially in salient pole EESM [8,9]. One of the approaches to determine these inductances is to do a finite element analysis of the considered machine, as proposed in [10]. By doing so, machine inductances are determined by fitting the polynomials of the current variables obtained from the fluxes calculated with finite element analysis. This approach gives calculated machine inductances with good accuracy, but detailed knowledge about the machine construction is mandatory in this case. The problem of the inductances can also be solved by conducting precise measurements of the machine saturation characteristics. Measurement of the direct axis saturation characteristics can be achieved relatively easy by performing an open circuit test, i.e., by applying current in the excitation winding. On the other hand, measurement of the saturation characteristics when excitation is applied only in the quadrature axis is not an easy task [4]. In [11], the authors compared three experimental methods for determining the quadrature axis saturation characteristics: the maximum lagging current, the on-load measurement, and the back-to-back method. As stated by the authors, all three presented methods provide the quadrature saturation characteristic with reasonable accuracy, but to perform this experiments a special experimental setup is needed. Machine inductances can also be determined by projecting the open circuit saturation curve into the direction of the resultant magnetizing current vector or by using the level curves and the linear interpolation [12]. This approach gives accurate machine inductances, i.e., the inductance functions in dependences of the machine currents, but the open circuit saturation curve in quadrature axis needs to be known.



Another type of flux estimators are those based on the voltage model of the machine. These estimators estimate the machine flux by integrating the back electromotive force (EMF) of the EESM. Compared to the estimators based on the current model, these estimators have better performance due to their robustness against the machine parameters, i.e., only the stator resistance needs to be known with sufficient accuracy. This fact is especially true in medium and high-speed machine operating range where the voltage drop on the stator resistance is negligible compared to the back EMF. On the other hand, shortcomings of these estimators based on the voltage model are that they require an implementation of the integrator which is prone to drift problems due to errors in the voltage and current measurements, the accuracy of the estimated stator resistance and problems related to the initial integrator conditions [5,6]. In [13], the authors proposed several integration algorithms for integrating the back EMF of the machine. The first method proposed in [13] relies on an integrator with saturable feedback which successfully removes the dc offset, but on the other hand its accuracy is considerably dependent on the saturation limits. The second algorithm presented in [13] relies on the saturation of the estimated flux amplitude, but as stated by the authors, this method is only reliable if the machine flux is kept constant during the machine operation. The third algorithm presented in [13] relies on the orthogonality between machine flux and the back EMF. In this case, a proportional integral (PI) controller is used to generate a compensation signal in order to compensate the dc offset. This algorithm estimates the machine flux with good accuracy, but tuning of the PI controller gains, and the compensation of the response time is mandatory. In [14], authors proposed A combination of flux estimators based on a current and voltage model, where the dc offset is compensated with a PI controller whose error signal is the difference between the outputs of the estimators based on the current and voltage model. This approach gives good results in terms of machine performance, but tuning of the PI controller is mandatory and detailed knowledge of the machine is necessary for the flux estimator based on the current model. Another approach that can be found in the literature to eliminate the dc drift problem is to use a programmable low pass filter (LPF) as presented in [15]. This approach eliminates the dc drift problem but increases the overall system complexity and knowledge about the stator frequency is mandatory. Rejection of the dc offset during the integration can be also achieved using methods developed for the phase locked loop (PLL) algorithms proposed in [16,17]. These algorithms offer good dc offset rejection, but their application to drives with high voltage and current ripple is not recommended [18], especially for electrical drives with rich harmonic outputs, e.g., cycloconverters. In [19], authors propose an integration algorithm based on LPF where the phase and the amplitude deviations are compensated with a sliding-mode compensator. Such an approach resolves the problems resulting from dc drift, but to tune the compensator properly some machine parameters are needed. The use of observers to compensate the dc drift during the integration is presented in [20], where a reduced-order flux observer is introduced. The implemented observer is based on the pole shifting method of the flux estimator to the left in the complex plane to improve the overall system stability. Unfortunately, authors didn’t provide any experimental data to verify their simulation results.



In this paper an improved hybrid flux estimator for the salient pole EESM driven by drives with high voltage and current ripple, e.g., cycloconverters, is presented. It incorporates flux estimators based on current and voltage models with a fuzzy logic set of rules to manage the transition between these two models. The proposed flux estimator is suitable for industry applications where detailed knowledge about the machine is not available and online measurements are not recommended due to high voltage and current ripple. The presented flux estimator is experimentally verified on a laboratory setup of the salient pole EESM driven by a cycloconverter. The advantages of the proposed flux estimator presented in this paper can be summarized as follows:




	
Salient pole synchronous machine flux estimator based on current and voltage model with fuzzy logic set of rules to ensure the smooth transition between the models.



	
The flux estimator uses only basic machine parameters, which makes it ideal for industry applications where a limited amount of machine data is available.



	
Specially designed for the drives with high voltage and current ripple, e.g., cycloconverters.








This paper is arranged as follows: In Section 2 the mathematical model of the salient pole synchronous machine is given based on which the flux models are derived. Section 3 describes the proposed flux estimator with fuzzy logic transition and gives detailed guidelines about how to derive the proposed flux estimator. The experimental setup and a discussion of the experimental results are provided in Section 4.




2. Mathematical Model of Salient Pole Synchronous Machine


The considered salient pole EESM with damper windings in the direct and quadrature axis in the rotor reference frame is presented in Figure 1.



The mathematical model of the synchronous machine under investigation can be described via voltage and flux equations. Voltage equations in direct and quadrature axis of such a model of synchronous machine are given as follows [2,3]:


    u  s d     =    R s   i  s d     +     d  ψ  s d     d t     −    ω r   ψ  s q   ,     u  s q     =    R s   i  s q     +     d  ψ  s q     d t     +    ω r   ψ  s d   ,     u f    =    R f   i f    +     d  ψ f    d t   ,     u D    =    R D   i D    +     d  ψ D    d t     =   0 ,     u Q    =    R Q   i Q    +     d  ψ Q    d t     =   0 ,   



(1)




where  i ,  ψ  and  R  denote the current, flux and winding resistance, respectively. Subscripts   s d  ,   s q  ,  f ,  D  and  Q  denote the stator direct axis component, stator quadrature axis component, excitation, damper winding in direct axis and damper winding in the quadrature axis, respectively.    R s    is the stator winding resistance and    ω r    is the electrical rotor speed. The machine flux can be described as a function of currents as follows:


    ψ  s d     =    L  s σ    i  s d     +    ψ  m d     =    L  s σ    i  s d     +    L  m d      i  m d   ,  i  m q      i  m d   ,     ψ  s q     =    L  s σ    i  s q     +    ψ  m q     =    L  s σ    i  s q     +    L  m q      i  m d   ,  i  m q      i  m q   ,     ψ f    =    L  f σ    i f    +    ψ  m d     =    L  f σ    i f    +    L  m d      i  m d   ,  i  m q      i  m d   ,     ψ D    =    L  D σ    i D    +    ψ  m d   =  L  D σ    i D    +    L  m d      i  m d   ,  i  m q      i  m d   ,     ψ Q    =    L  Q σ    i Q    +    ψ  m q     =    L  Q σ    i Q    +    L  m q      i  m d   ,  i  m q      i  m q   ,   



(2)




where  L  and  i  represent the inductance and current, respectively. Subscripts   s σ  ,   f σ  ,   D σ  ,   Q d  ,   m d   and   m q   denote the stator leakage, excitation leakage, damper winding in direct axis leakage, damper winding in quadrature leakage, magnetizing in the direct axis and magnetizing in the quadrature axis, respectively. As stated in Equation (2), magnetizing inductances in the direct and quadrature axis due to saturation and cross-coupling effects can be described as a function of total magnetizing currents in both axis which are defined as follows:


    i  m d     =    i  s d     +    i f    +    i D  ,     i  m q     =    i  s q     +    i Q  .   



(3)








3. Hybrid Model


3.1. Overview of the Proposed Flux Hybrid Model


As stated in the Introduction, the goal of this paper is to develop a reliable flux estimator for salient pole EESM applicable in industry applications using cycloconverter drives. A flux estimator for such applications should handle operations where high voltage and current ripple are present during the normal operation of the drive. Furthermore, it should handle the problems related to the discontinuous current in such a drive [21,22]. Moreover, the developed flux estimator should use basic machine parameters that are commonly available in industrial applications, e.g., stator resistance and leakage inductance and direct axis saturation characteristics.



The proposed flux estimator consists primarily of three main parts: flux estimators based on the current and voltage models of the machine and a transition block to manage the transition between the estimators. A basic block diagram of the proposed flux estimator is shown in Figure 2, where dashes above the variables denote vectors and the asterisks, reference values.



As shown on Figure 2, the transition block manages the smooth transition between the estimators based on speed   (  ω m *  )   and torque   (  T e *  )   reference signals. The speed reference is used as in a classical approach, where a current model is primarily used at low speeds and a voltage model at medium and high machine speeds. In addition to the speed reference, authors propose that in applications with cycloconverters the torque reference should also be used to manage the smooth transition between the estimators. The basic idea for torque reference usage is to increase the dynamics of the drive at low-speed range, i.e., to increase the influence of the voltage model at low speed and high torque region. The reason for such an approach lies in the fact that the maximum output frequency of the cycloconverter without circulating current is around one third of the input line frequency [21,22], therefore the cycloconverter drive is primary used in the low speed-range.




3.2. Flux Estimator Based on Current Model of the Machine


The flux estimator based on the current model is used to determine the nonlinear relationship between the machine current and the flux, i.e., to determine the machine inductances in the direct and quadrature axes. As shown in Equation (2), due to saturation and cross coupling effects between the direct and quadrature axes in the machine, the inductances    L  m d      i  m d   ,  i  m q       and    L  m q      i  m d   ,  i  m q       are described as two variable functions of the magnetizing currents in both axes [2].



The starting point for determining these inductance functions is to define them when excitation is only present in one of the axes. This can be defined as follows:


    L  m d      i  m d   ,    i  m q     =   0     =    L  m d      i  m d     ,     L  m q      i  m d     =   0 ,    i  m q       =    L  m q      i  m q     ,   



(4)




where    L  m d      i  m d       and    L  m q      i  m q       are the open circuit saturation curves when excitation is only present in the direct or quadrature axis, respectively. As proposed in [12], the inductance function in direct axis can be generated by projecting the direct axis open circuit saturation curve in the direction of the magnetizing current space vector and simultaneously adding the saliency offset to the projected curve, where the amplitude of the magnetizing current space vector is defined as:


   i m    =      i  m d  2    +    i  m q  2    ,  



(5)




and the saliency offset as:


   L  O f f s e t     =        L  m q  u     L  m d  u        ·         2   ·   α  π     2    ·      L  m d  u    −    L  m d      i m      ,  



(6)




where    L  m d  u    and    L  m q  u    are unsaturated magnetizing inductances in the direct and the quadrature axis, respectively.  α  is an angle of the magnetizing current space vector. Figure 3a shows the basic idea behind the projection of the open circuit saturation curve, and Figure 3b shows inductance function in the direct axis of the considered synchronous machine (Appendix A).



Opposite to the method for the inductance function determination in the direct axis, the method for determining the inductance function in quadrature axis is somewhat different. The open circuit saturation curve in quadrature axis is not usually available in industry applications. For this reason, the open circuit saturation curve in quadrature axis can be determined by assuming the same degree of the saturation in both axes as follows [4]:


   L  m q      i  m q       =      L  m q  u     L  m d  u     L  m d      i  m q     .  



(7)







The inductance function in quadrature axis can be determined as in [12], where the author proposed that the inductance function in quadrature axis for a certain    i  m d    ,    i  m q     plane (level curves), has a constant value.



These level curves are represented with straight lines on the Figure 4a, whose origins is open circuit saturation curve in quadrature axis defined with Equation (7). Figure 4b shows generated inductance function in the quadrature axis of the considered synchronous machine.




3.3. Flux Estimator Based on Voltage Model of the Machine


The flux estimator based on the voltage model of the machine depends on the integration of the back EMF in stationary reference frame (  α β  ). This back EMF of the synchronous machine can be expressed as the difference between the stator voltage and the voltage drop on the stator resistance. Furthermore, the magnetizing flux of the machine is then calculated by integrating the back EMF and subtracting the stator leakage flux from it. Mathematically, this can be expressed as follows [4,14,23]:


    ψ ¯   m , α β     = ∫         u    ¯    α β     −    R s       i ¯    α β     d t   −    L  s σ        i ¯    α β   ,  



(8)




where       u    ¯    α β    ,       i    ¯    α β     and     ψ ¯   m , α β       are the vectors of the voltage, current and magnetizing flux in stationary reference frame, respectively.



As stated in [5,6], integrators are prone to drift problems due to error measurements and uncertainties related to the integrator initial conditions. Combining these problems with the high voltage and current ripple in cycloconverter drives applications, it is clear that the design of the flux estimator based on the voltage model of the machine for cycloconverter drives is a complex task. To overcome these problems, the authors propose the flux estimator based on the LPF and the band pass filter (BPF) with variable resonant (center) frequency. Structure of the proposed flux estimator is presented in Figure 5.



As Figure 5 shows, the calculated machine back EMF is filtered with BPF whose resonant frequency is equal to the rotor electrical speed    ω r   . In this particular case, BPF removes all the ripple from the calculated back EMF without changing the signal (back EMF) amplitude or the phase. The transfer function of the BPF used in the flux estimator is as follows:


   G  B P F    s    =      ω Q  s    s 2    +    ω Q  s   +    ω 2    ,  



(9)




where  ω  is the center frequency and the  Q  is the quality factor of the filter.




3.4. Design of the Fuzzy Transition between the Flux Estimator Based on Current and Voltage Model


The transition between the flux estimators presented in Section 3.2 and Section 3.3 needs to be as smooth as possible, e.g., without flux or torque step changes, otherwise the stability of the system could be compromised. To ensure this smooth transition between the estimators, a transition function is used. This function is defined as follows:


    ψ ¯  m    =     1   −   Λ     ψ ¯   m , C M     +   Λ   ψ ¯   m , V M   ,  



(10)




where     ψ ¯  m    is a vector of the magnetizing flux used by the control algorithm.     ψ ¯   m , C M     and     ψ ¯   m , V M     are the vectors of magnetizing flux obtained by the flux estimators based on current and voltage model, respectively.  Λ  is the transition coefficient used for the controlling the rate of the transition between the current and voltage based estimator. This coefficient lies in the range of [0, 1], and it is obtained by fuzzy logic set of rules.



The principle of the fuzzy logic set of rules to manage the transition between the current and voltage-based estimator is based on Sugeno Fuzzy Inference Systems. As stated, in this approach we have two inputs (speed and torque reference) whose membership functions are presented in Figure 6.



As shown on Figure 6, all membership functions of the speed and torque reference are based on the Gaussian membership functions. These functions are defined to cover the whole range of input variables and to enable the smooth transition between the estimators as it is stated before. Output from the fuzzy logic transition block represents the transition coefficient  Λ , which is calculated based on the fuzzy logic set of rules presented in the Table 1.



A total of nine rules is generated from Table 1. Some of the fuzzy logic set of rules are defined as:




	
IF (Speed is Small) AND (Torque is Small) THEN   Λ   =   0  



	
IF (Speed is High) AND (Torque is High) THEN   Λ   =   1  








Figure 7 shows the output of the fuzzy logic transition block. The presented output on the Figure 7 clearly shows that in the low speed/low torque region the flux estimator based on the current model has the dominant influence on the control system. As the speed increases (above 20% of the rated speed), the influence of the estimator based on current model starts to decrease and the estimator based on the voltage model starts to be dominant in the output. Furthermore, the transition also enables the flux estimator based on voltage model to contribute to the flux estimation at low speeds if the machine torque increases above 40% of the rated torque. This contribution increases the accuracy of the estimated flux (increases the system dynamic response) at low machine speeds which is significant in cycloconverter drives without a circulating current whose maximum output frequency is around 1/3 of the input line frequency.





4. Experimental Verification of the Proposed Flux Estimator


4.1. System Setup


The proposed flux estimator was experimentally verified on a salient pole EESM fed by the cycloconverter. The cycloconverter consists of three four quadrant six pulse bridge converters operating without a circulating current, where each bridge powers one of the machine phases. Each bridge input is connected to the separate transformer whose primary sides are connected to the power grid of 400 V and 50 Hz. The synchronous machine is mechanically coupled to a direct current (dc) machine operated in the torque control mode which enables the generation of the load torque for the synchronous machine. Figure 8 presents a block diagram of the cycloconverter drive used for the experimental verification of the proposed flux estimator.



Figure 9a presents two cabinets of the cycloconverter drive unit, where the left cabinet is the control part which consist of the central processing unit (CPU) and the measurement equipment. The cabinet to the right is the power part, i.e., the bridge converter for one of the machine phases. Figure 9b represents the mechanically coupled salient pole EESM and the dc machine used during the experimental verifications of the proposed flux estimator.



The control diagram of the FOC, or more precisely, the magnetizing flux-oriented control of the salient pole EESM is presented in Figure 10. The control diagram consists of inner currents loops, and outer flux and speed loop. The output of the speed loop is the torque reference, which is used with a speed reference to manage the transition between the proposed flux estimators. Furthermore, based on torque reference signal the reference value of the stator current in y axis (   i  s y  *   ) is calculated. The magnetizing current reference is the output of the flux loop on which basis the stator magnetizing current reference (   i  s x  *   ) and the excitation current reference (    i f *   ) are calculated. Inner current loops based on current references and feedbacks regulate the machine stator and excitation current. In Figure 10,  δ ,   Δ  u  s d     and   Δ  u  s q     represent the load angle and decoupling signals in the direct and quadrature axis, respectively [2,3]. This control is implemented in the CPU of the cycloconverter drive and it is tuned based on the experience of the authors to achieve a good dynamic response of the system.




4.2. Experimental Results and Analysis


Experimental verification of the proposed flux estimator was carried out in two phases. In the first phase, the stability of the proposed flux estimator was tested during a variable speed situation (machine acceleration). The second phase consists of the evaluation of the proposed estimator during a load torque change.



As stated, the first experiment involves machine acceleration under a constant load torque. The experiment starts with synchronous machine running at 10% of the rated speed with 50% of the rated load torque. Then, at some point the machine starts to accelerate during which time the load torque remains at 50%. The experiment ends with machine reaching 50% of the rated speed which corresponds to a stator frequency of 15 Hz. This experiment was done for two cases of the flux estimator, the first one is with proposed flux estimator with a fuzzy logic set of rules for the transition between the flux estimators, and second case is when the transition between the estimator is done with the switch (when a certain speed is reached, control is transferred to the flux estimator based on the voltage model of the machine). For each experiment a waveform of the measured voltage and current (average values), speed, magnetizing flux and torque reference isgiven.



Figure 11a presents the waveforms acquired during the experiment with the transition between the estimators based on the proposed fuzzy set of rules. The experiment starts at   t   ≈   1   s  , when the machine starts to accelerate. During this time (acceleration), the flux estimator transfers the control from the estimator based on the current model to the estimator based on the voltage model. This transition between the estimators, as clearly shown on the waveforms, occurs without any torque or flux steps changes or oscillatory transitions. Figure 11b shows the waveforms during the acceleration of the machine with a classical transition between the estimators. The experiment also starts with acceleration of the machine at the   t   ≈   1   s  , when machine torque starts to increase. As shown in the presented waveforms, at   t   ≈   3   s   when the transition occurs, a disturbance is present in the system. The torque reference increases even more, and there is a disturbance in the estimated flux. Comparing the measured speeds for both experiments, it is clear that the acceleration of the machine when the flux estimator with fuzzy logic set of rules transition is enabled has the smoother acceleration to the setpoint.



The second experiment evaluates the proposed flux estimator based on the dynamic response of the system during load torque changes. This experiment starts by running the machine at a constant speed and then the load torque is suddenly increased. Experiments were conducted at 10%, 35% and 60% of the rated machine speed which correspond to the stator frequency of 3, 10.5 and 18 Hz, respectively. The experimental results obtained during these load torque changes are shown in Figure 12, Figure 13 and Figure 14.



As it can be seen from the experimental results (Figure 12, Figure 13 and Figure 14), the load torque changes at   t   ≈   1 s  . At that point, the torque reference starts to increase to compensate the speed drop. It is clearly noticeable in the result that the response of the torque is smooth without any additional oscillations caused by the proposed flux estimator. During that time, a disturbance is also present in the flux, but it is quickly compensated by the flux controller.




4.3. Analyisis of the Experimental Results


Section 4.2 presented the experimental results of the proposed flux estimator for the salient pole EESM driven by the cycloconverter drive. The conducted experiments are divided into two main groups: speed reference change and load torque change. In the first experiment, the fuzzy logic transition between the estimators was tested. As presented in Figure 11a, during the machine acceleration the transition between the estimators (from the current to the voltage-based estimator) was smooth (no torque or flux steps) without additional oscillations which can cause instabilities in the control system. Compared to the experimental results obtained by the classical transition between the flux estimators (Figure 11b), the proposed transition based on fuzzy logic set of rules clearly shows the advantages of such an approach.



In the second experiment (Figure 12, Figure 13 and Figure 14), the dynamic torque response of the cycloconverter drive was tested at 10%, 35% and 50% of the rated machine speed. In all three cases, the cycloconverter drive system remained stable after a load torque change. The accuracy of the proposed flux estimator can be determined by comparing the voltage amplitudes just prior and after a load torque change (when a new steady state is reached). This comparison clearly shows that the voltage amplitude (just prior to and after a load torque change) does not change, which is a clear sign of high accuracy of the estimated flux.





5. Conclusions


In this paper, a flux estimator for the salient pole EESM is proposed. The proposed flux estimator consists of estimators based on current and voltage models of the machine with a fuzzy logic set of rules to manage the transition between them. The estimator based on the current model incorporates saturation and cross-coupling effects in both axis and it is suitable for industry applications with cycloconverter drives where a limited amount of machine data is available. The flux estimator based on the voltage model is based on the combination of a low-pass and a band-pass filter for integrating/filtering the back EMF of the machine to reduce the high ripple in voltage and current generated by the cycloconverter drive. The transition between the estimators is managed based on speed and torque references and a fuzzy set of rules. The proposed flux estimator was verified on an experimental setup consisting of a salient pole EESM driven by the cycloconverter. In the first experiment the salient pole EESM was accelerated under a constant load. This experiment was carried out for two cases of the flux estimators, the first one is when the transition between the estimators is carried out with proposed fuzzy logic-based transition and the second one is with a classical transition. The presented results clearly show that with fuzzy logic-based transition the acceleration of the machine is carried out without torque and flux steps, compared to the classical transition where torque and flux disturbances are present. The second experiment tested the stability and dynamic response of the cycloconverter drive during a load torque change when the machine flux is estimated with the proposed estimator. The obtained results clearly show that system remains stable after a load torque is applied, e.g., the system quickly enters a new steady state without additional oscillations. Furthermore, the obtained results show that machine voltage prior and after a load torque change remain the same (amplitude) which is a clear sign of the high accuracy of the proposed estimator.
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Table A1. Salient pole synchronous machine nameplate data and parameters.






Table A1. Salient pole synchronous machine nameplate data and parameters.





	Parameter
	Symbol
	Value
	Unit





	Rated power
	    P n    
	18.5
	kW



	Rated stator voltage
	    U n    
	400
	V



	Rated stator current
	    I n    
	29.2
	A



	Rated excitation voltage
	    U  n , f     
	65
	V



	Rated excitation current
	    I  n , f     
	11
	A



	Rated stator frequency
	    f n    
	30
	Hz



	Number of pole pairs
	    p p    
	2
	-



	Stator resistance
	    R s    
	0.244
	Ω



	Stator leakage inductance
	    L  s σ     
	0.0076
	H



	Unsaturated magnetizing inductance in the direct axis
	    L  m d  u    
	0.04
	H



	Unsaturated magnetizing inductance in the quadrature axis
	    L  m q  u    
	0.035
	H



	Damping winding resistance in the direct axis
	    R D    
	1.08
	Ω



	Damping winding resistance in the quadrature axis
	    R Q    
	1.26
	Ω



	Damper winding leakage inductance in the direct axis
	    L  D σ     
	0.0048
	H



	Damper winding leakage inductance in the quadrature axis
	    L  Q σ     
	0.0058
	H
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Figure A1. Open circuit saturation curve in the direct axis. 
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Figure 1. Salient pole synchronous machine model in the rotor reference frame. 
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Figure 2. Block diagram of the proposed flux estimator for salient pole synchronous machine. 
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Figure 3. (a) Generation of the inductance function in the direct axis according to [12]; (b) Inductance function in the direct axis. 
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Figure 4. (a) Generation of the inductance function in the quadrature axis according to [12]; (b) Generated inductance functions in the quadrature axis. 
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Figure 5. Block diagram of the flux estimator based on the voltage model of the machine. 
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Figure 6. (a) Speed reference membership function; (b) Torque reference membership function. 
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Figure 7. Output of the fuzzy logic transition block. 
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Figure 8. Block diagram of the cycloconverter drive. 
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Figure 9. (a) Control and the power part (one phase) of the cycloconverter; (b) Salient pole EESM and DC machine setup. 
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Figure 10. Control diagram of the magnetizing flux-oriented control for the electrically excited synchronous machine. 
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Figure 11. Experimental results of the cycloconverter drive during the machine acceleration with (a) Transition based on fuzzy logic set of rules; (b) Classical transition. 
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Figure 12. Experimental results of the cycloconverter drive during load torque change at 10% of rated machine speed. 
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Figure 13. Experimental results of the cycloconverter drive during load torque change at 35% of the rated machine speed. 
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Figure 14. Experimental results of the cycloconverter drive during load torque change at 60% of the rated machine speed. 
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Table 1. Rule table for the fuzzy logic transition.
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     Λ  .    

	

	
Torque




	
Small

	
Medium

	
High






	
Speed

	
Small

	
0

	
0

	
0.5




	
Medium

	
0.5

	
0.5

	
0.5




	
High

	
1

	
1

	
1
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