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Abstract

:

The variable speed pumped storage unit with a full-size converter (FSC-VSPSU) can provide fast and flexible regulation capacity for the power grid, assisting the rapid development of the new energy-dominated power systems, and its application is gradually becoming widespread. The excitation system of FSC-VSPSU is crucial for maintaining the motor-port voltage and further supports the stable operation of the entire unit. However, there is currently no research on excitation system modeling, and their essential operating characteristics have not been discussed in detail, which needs further study. With this aim, this paper firstly establishes a detailed transfer function model for FSC-VSPSU, which is then used to study the influence rules of FSC-VSPSU parameters on the operating characteristics. In addition, based on the summarized operating characteristics, the excitation system can be optimized, and its complexity is greatly reduced while ensuring the original performance of the unit. Finally, the results of the simulation can verify the correctness of the established model and the explored operating characteristics.
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1. Introduction


Nowadays, renewable clean energy such as wind/photovoltaic power generation has developed rapidly to cope with the energy crisis and protect the natural environment [1,2,3]. However, these types of power generators have strong volatility, intermittency, and randomness, which require the power grid to possess more power regulation capacities to suppress these shortcomings. In order to improve the flexible regulation capacities of the power grid, it is important to develop energy storage [4,5], especially pumped storage units since they have a large adjustable capacity [6,7,8]. Among them, the variable speed pumped storage unit (VSPSU) based on power electronic technology has excellent regulation speed, which attracts much attention [9,10,11,12].



Further, in terms of VSPSU, depending on the role and power share of its converter, it can be divided into two types: VSPSU with a full-size converter (FSC-VSPSU) and VSPSU with a doubly fed induction machine (DFIM-VSPSU). These two types of units have their own unique advantages. In detail, FSC-VSPSU has a wider adjustment range and simpler startup and shutdown processes. DFIM-VSPSU has a converter with a lower capacity, resulting in lower costs. Under the premise of a converter with the same capacity, the overall output power of DFIM-VSPSU is higher, while the overall output power of FSC-VSPSU is lower. Therefore, for applications requiring low capacity, FSC-VSPSU is more suitable, while for large-capacity systems, DFIM-VSPSU has more advantages. This article focuses on FSC-VSPSU.



FSC-VSPSU is mainly composed of upper/lower reservoirs, a pump turbine, power electronic converters, an excitation system, and a speed regulator, etc. [13,14]. It has two working modes: a power generation mode and a pumping mode. The former mode drives the pump turbine to rotate and generate electricity by discharging the water from the upper reservoir to the lower reservoir. The latter mode takes energy from the power grid and then drives the pump turbine to pump water from the lower reservoir to the upper reservoir [12,15,16]. In order to ensure the stable operation of the entire working process, a stable and excellent motor-port voltage is extremely important. To achieve it, an excitation system that performs well is one of the crucial parts.



In order to evaluate the performance of the excitation system, it is particularly important to accurately model it. However, the existing modeling method often focuses on simulation models, and the operating characteristics of the unit can be summarized by the simulation analysis. For example, ref. [13] studies the simulation modeling of FSC-VSPSU based on MATLAB/SIMULINK, including the complete unit links (speed regulator, hydraulic system, water hammer effect, DC excitation system, full-size power converter, et al.) and multiple operation modes. To reduce the total harmonic distortion, a cascaded H-bridge-based structure is adopted in [17], and the corresponding simulation model verifies the correctness of the method. Further, a neutral point clamped structure proposed in [18] provides a larger output voltage than a conventional structure, and the corresponding simulation model also verifies its correctness. Moreover, a disturbance-rejection-based AC excitation controller is proposed in [19], and the built simulation model verifies its effectiveness. In addition, the simulation models built in [14,20,21] also conduct their corresponding validation with the simulation methods.



The above simulation-based models only rely on simulation analyses to find the operating rules and verify their corresponding conclusions and cannot explore the essential operating characteristics. It is crucial to establish the mathematical model for a more comprehensive and in-depth analysis of operational characteristics. As for the mathematical model of the excitation system, a deduced third-order model of the excitation system is helpful in designing the MIMO nonlinear control strategy of the power system [22]. However, this study is conducted at the level of a large-scale system, and it is not suitable for single-machine system analysis. Moreover, a linearization model based on the nonlinear partial feedback linearization technique is proposed in [23] to design the excitation controller. Ref. [24] gives an excitation system state evaluation model to fully grasp the state of the excitation system. These models are established to analyze the performance of the certain aspect of the machine and cannot be directly used to comprehensively analyze the operating characteristics of the excitation system of the FSC-VSPSU. In addition, there is currently no detailed research in the literature on the modeling and operational characteristics of the excitation system of the FSC-VSPSU.



To achieve this aim, this paper proposes a transfer-function-based mathematical model for the excitation system of FSC-VSPSU, and the corresponding operating characteristics can be obtained by through Bode diagram analysis. The main contributions are listed as follows.



(1) The detailed parameter influence rules of the excitation system on the FSC-VSPSU are obtained for the first time, which can be applied to guide the debugging of actual units in engineering sites.



(2) By studying the operating characteristics, a simplified excitation system structure is proposed, which can greatly reduce the complexity of the excitation system while ensuring the overall operational performance of the unit.



The rest of the paper is organized as follows. Section 2 gives the structure of the FSC-VSPSU. Further, the mathematical models of the excitation system are introduced in Section 3. Section 4 presents the corresponding operating characteristics of the excitation system for the FSC-VSPSU. Afterwards, Section 5 shows the simulation validation. Finally, Section 6 concludes this paper.




2. Structure of the FSC-VSPSU


The structural diagram of the FSC-VSPSU is shown in Figure 1, which mainly consists of upper/lower reservoirs, a pump turbine, a power electronic converter, a turbine governor, an excitation system, and converter control. The upper and lower reservoirs mainly serve as water storage, and the pump turbine is a mechanical transmission part. These two parts can work together to achieve the mutual conversion of potential energy and mechanical kinetic energy. The power electronic converter can achieve rapid and controllable power conversion between the motor and the power grid. By coordinating the turbine governor, excitation system, and converter control, the FSC-VSPSU can operate reliably and efficiently.



According to the operating status of the connected power grid, the FSC-VSPSU can operate in two modes: (1) power generation mode and (2) pumping mode. When there is surplus electric energy in the power grid, the FSC-VSPSU is in the pumping mode. Further, when the electric energy of the power grid is insufficient, the FSC-VSPSU is in the power generation mode.



(1) Power generation mode: The water stored in the upper reservoir flows to the lower reservoir under the action of gravity, which drives the pump turbine to rotate for power generation. The generated electric energy can be transformed and connected to the grid through the power electronic converters.



(2) Pumping mode: The electrical energy of the power grid is transformed by the power electronic converter to drive the motor to rotate. Thereby, the pump turbine can be driven to rotate and pump water from the lower reservoir to the upper reservoir for storage.



Importantly, the energy of the power generation mode flows from the unit to the grid, while the energy of the pumping mode flows from the grid to the unit, and there are some challenges here. It is necessary to use a four-quadrant converter to achieve bidirectional energy flow. In addition, apart from the converter, the pump turbine is different from the turbine used in ordinary hydropower plants as it can rotate in both directions to achieve bidirectional energy flow.



By switching between these above two operating modes, the fluctuation of electricity in the power grid can be quickly suppressed. The research objective of this paper is the excitation system of the FSC-VSPSU, and the next section will introduce the corresponding method for establishing mathematical models of the excitation system.




3. Mathematical Models of the Excitation System


The excitation system of the FSC-VSPSU controls the motor-port voltage, and it further determines the operating performance of the FSC-VSPSU. This article only studies the impact of the excitation system on the motor-port voltage, which falls within the scope of single-input and single-output (SISO) research. Thus, transfer function analysis is used in this section instead of establishing a more complex state space model. In the following content, Section 3.1 will introduce the detailed structure of the excitation system and Section 3.2 will establish the transfer-function-based mathematical model.



3.1. Structure of the Excitation System


The structure diagram of the excitation system is shown in Figure 2. H1(s) is the sampling link, which can describe the delay characteristics caused by sampling. H2(s) is the series compensation link, which can be used to adjust the phase margin of the system and improve its stability. H3(s) is the power amplification link, with which the tracking error of the output voltage can be reduced. H4(s) is the parallel correction link, which can eliminate the impact of some original system parameters to make the system more controllable. Finally, the limiter can constrain the phenomena of over-excitation and under-excitation, and prevent unstable operation caused by over-excitation and under-excitation. Furthermore, more detailed descriptions can be found in [13].



Among them, the expressions for H1(s), H2(s), H3(s), and H4(s) can be expressed as


         H 1  ( s ) =  1  1 + s  T c           H 2  ( s ) = K   1 + s  T 1     K v  + s  T 2    ·   1 + s  T 3    1 + s  T 4           H 3  ( s ) =    K a    1 + s  T a           H 4  ( s ) =   s  K f    1 + s  T f           



(1)




where Tc is the time constant of the sampling link; T1, T2, T3, and T4 are the time constants of the series compensation link; K is the DC gain of the series correction link; KV is the integration correction selection factor; Ka is the gain of the power amplification link; Ta is the time constant of the power amplification link; Kf is the gain of the parallel correction link; and Tf is the time constant of the parallel correction link.




3.2. The Transfer-Function-Based Mathematical Model


In order to establish the relationship between the excitation system and the motor-port voltage, this section will use the excitation system model shown in Section 3.1 combined with the circuit model for derivation. Using the closed-loop control of the motor-port voltage, the corresponding excitation voltage Efd can be generated, and then the excitation current Ifd can be further calculated. Combined with the excitation characteristic curve, the motor-port voltage can be obtained. The corresponding circuit model can be expressed in (2).


         I  fd   =  E  fd   /  R f         u m  =  I  fd   ×  K ψ         



(2)




where Rf is the resistance value of the excitation winding and Kψ is the mapping relationship between the excitation current and motor-port voltage, which can be obtained from the excitation characteristic curve of the motor. The corresponding block diagram of the excitation system is shown in Figure 3.



Further, the open-loop transfer function of the entire excitation system can be obtained, as shown in (3).


   T   o _ e    ( s ) =    K ψ   H 1  ( s )  H 2  ( s )  H 3  ( s )     1 +  H 3  ( s )  H 4  ( s )   (  K c  +  R f  )    



(3)







Substituting (1) into (3) yields


   T   o _ e    ( s ) =    K ψ   K a  K · ( A  s 3  + B  s 2  + C s + D )   (  K c  +  R f  ) ( E  s 5  + F  s 4  + G  s 3  + H  s 2  + I s +  K v  )    



(4)







Among them, the coefficients are shown in (5). Further, according to (5), the Bode diagram of the excitation system can be obtained, as shown in Figure 4. The basic parameters are listed in Table 1.


        A =  T 1   T 3   T f        B =  T 1   T f  +  T 1   T 3  +  T 3   T f        C =  T 1  +  T 3  +  T f        D = 1       E =  T 2   T 4   T a   T c   T f        F =  T 2   T 4   T c  (  T a  +  T f  +  K a   K f  ) +  T a   T f  (  T 2   T c  +  T 2   T 4  +  K v   T 4   T c  )       G =  T 2   T 4   T c  + (  T a  +  T f  +  K a   K f  ) (  T 2   T c  +  T 2   T 4  +  K v   T 4   T c  ) +  T a   T f  (  T 2  +  K v   T c  +  K v   T 4  )       H =  T 2   T c  +  T 2   T 4  +  K v   T 4   T c  + (  T a  +  T f  +  K a   K f  ) (  T 2  +  K v   T c  +  K v   T 4  )       I =  T 2  +  K v   T c  +  K v   T 4  +  K v   T f  +  K v   T a  +  K v   K a   K f         



(5)







In Figure 4, due to the direct control of the effective value of the motor-port voltage by the excitation system, the amplitude gain at the low-frequency band is maximized, which can accurately control the DC voltage. Meanwhile, as the frequency band increases, in the higher frequency region, the amplitude gain decays quickly, which can effectively avoid the interference of higher-order harmonics in the excitation system. Furthermore, when the low-frequency gain of the transfer function is larger, the tracking performance of the system output is better. Since the crossover frequency is similar to the bandwidth, the higher the crossover frequency, the faster the system response speed. The phase margin reflects the stability of the system, and a larger phase margin will bring stronger stability.





4. Operating Characteristics of the Excitation System for the FSC-VSPSU


This section analyzes the influence rules of excitation system parameters on the operating characteristics of the FSC-VSPSU, including the time constants of the series compensation link (T1, T2, T3, and T4), DC gain of the series correction link K, integral correction selection factor KV, power amplification gain Ka, time constant of the power amplification link Ta, and gain of the parallel correction link Kf. Further, by studying the operating characteristics, a simplified excitation system structure is proposed.



4.1. The Influence Rule of Time Constant T1


When the time constant T1 of the series compensation link is set as 0.01, 0.1, 1, 10, and 100 sequentially, the corresponding Bode diagram is shown in Figure 5. As can be seen, a smaller T1 will bring a greater phase margin to the system, thus the system stability will be strengthened. However, a smaller T1 also produces a smaller bandwidth, and the system response time will be longer. Noteworthily, since the influence rule of T3 is consistent with that of T1 (T1 and T3 exchange positions, and the transfer function remains the same), the following content will not elaborate on the influence rule of T3.




4.2. The Influence Rule of Time Constant T2


When the time constant T2 of the series compensation link is set as 0.01, 0.1, 1, 10, and 100 sequentially, the corresponding Bode diagram is shown in Figure 6. Contrary to the influence rule of T1, a larger T2 will bring a greater phase margin to the system, thus the system’s stability is stronger. In addition, the larger T2 is, the smaller the system bandwidth, and the response time will be worse. Noteworthily, the influence rules of Ta and T4 are consistent with T2, so the following content will not elaborate on the influence rules of Ta and T4.




4.3. The Influence Rule of DC Gain K


When the DC gain K of the series correction link is set as 50, 200, 800, 2000, and 5000 sequentially, the corresponding Bode diagram is shown in Figure 7. As can be seen, K only affects the amplitude gain of the system with no effect on the phase-frequency characteristics. A smaller K will make the phase margin greater, and the corresponding stability of the system will be stronger. In addition, a smaller K also brings a smaller bandwidth, thus making the response time longer. Noteworthily, unlike the influence rules of time constants T1~T4, (the low-frequency gain does not change with the time constants), the low-frequency gain of the system will be smaller as K decreases, which results in the poor tracking performance of the motor-port voltage. Furthermore, the influence rule of Ka in the power amplification link is consistent with K and will not be repeated below.




4.4. The Influence Rule of Integral Correction Selection Factor KV


When the integration correction selection factor KV is set as 0.01, 0.1, 1, 10, and 100 sequentially, the corresponding Bode diagram is shown in Figure 8. As can be seen, the low-frequency gain will increase as KV decreases, thus improving the tracking performance of the motor-port voltage. Referring to the obtained results in Section 4.3, the motor-port voltage deviation can be reduced by increasing the DC gain K of the series correction link. However, when the motor-port voltage deviation needs to be further reduced, it can be achieved by reducing KV.




4.5. The Influence Rule of Gain Kf of the Parallel Correction Link


When the gain Kf of the parallel correction link is set as 0, 1, 10, and 100 sequentially, the corresponding Bode diagram is shown in Figure 9. As can be seen, when Kf increases, the bandwidth of the excitation system will decrease accordingly, which results in a longer response time of the motor port output voltage.




4.6. Simplification of the Excitation System Structure


When the complexity of the excitation system structure is lower, the corresponding debugging process of the control parameter is simpler. Based on the influence rules explored above, when the gain Kf of the parallel correction link is smaller, the corresponding response time of the system is faster. Therefore, Kf can be set to 0 directly. In addition, to further simplify the excitation system, by setting “T1 = T2 = KV = 1”, the series compensation link H2(s) can be simplified to “H2n(s) = K(1 + sT3)/(1 + sT4)”. At this time, the series compensation link can be adjusted only through K, T3, and T4. The simplified excitation system structure diagram is shown in Figure 10.





5. Simulation Validation


To validate the effectiveness of the proposed modeling method and the correctness of the explored operating characteristics, an FSC-VSPSU simulation model with a detailed excitation system is built in MATLAB/SIMULINK. Figure 11 gives the corresponding simulation model structure diagram, and Table 2 lists its basic simulation parameters. Further, the operating characteristics summarized in Section 4.1, Section 4.2, Section 4.3, Section 4.4 and Section 4.5 will be verified separately in Section 5.1, Section 5.2, Section 5.3, Section 5.4 and Section 5.5, and Section 5.6 will verify the simplified excitation system structure proposed in Section 4.6.



5.1. Verification of the Influence Rule of Time Constant T1


In Section 4.1, it can be seen that a smaller T1 will bring about a greater phase margin in the system, thus the system’s stability will be strengthened. The actual stability performance of the system is shown in Figure 12. As can be seen, when T1 decreases from 100 to 1, the system changes its operation state from oscillation to stability, and the stability of the system is enhanced. Furthermore, a smaller T1 also produces a smaller bandwidth, and the system response time will be longer. The actual output response of the system is shown in Figure 13. As can be seen, when T1 decreases from 1 to 0.5, the response time is longer. Thus, the influence rules of time constant T1 can be verified.




5.2. Verification of the Influence Rule of Time Constant T2


In Section 4.2, the obtained rule is that a larger T2 will produce a greater phase margin in the system, thus its stability is stronger. The actual stability performance of the system is shown in Figure 14. As can be seen, when T2 increases from 0.001 to 0.01, the system transitions from oscillation to stable operation, which strengthens the stability. Furthermore, the larger T2 is, the smaller the system bandwidth, and the response time will be worse. The actual output response of the system is shown in Figure 15. As can be seen, when T2 increases from 1 to 2, the response time is longer. Thus, these simulation results verify the influence rules of time constant T2.




5.3. Verification of the Influence Rule of DC Gain K


In Section 4.3, the rule is that a smaller K will make the phase margin greater, and the corresponding stability of the system will be stronger. The actual stability performance of the system is shown in Figure 16. As can be seen, when K decreases from 5000 to 200, the oscillating system becomes stable. Furthermore, a smaller K also results in a smaller bandwidth, thus making the response time longer. The actual output response of the system is shown in Figure 17. As can be seen, when K decreases from 200 to 50, the response time is longer. Meanwhile, the low-frequency gain of the system will be smaller as K decreases, which results in the poor tracking performance of the motor-port voltage. As can be seen from Figure 17, when K decreases from 200 to 50, the tracking performance is weaker (the reference is 1000 V). Thus, the influence rules of DC gain K can be verified.




5.4. Verification of the Influence Rule of Integral Correction Selection Factor KV


In Section 4.4, it can be seen that the low-frequency gain will increase as KV decreases, thus improving the tracking performance of the motor-port voltage. The actual output response of the system is shown in Figure 18. As can be seen, when KV decreases from 2 to 0.1, the tracking performance is strengthened. Thus, the influence rule of integral correction selection factor KV can be verified.




5.5. Verification of the Influence Rule of the Parallel Correction Link Gain Kf


In Section 4.5, the operating rule is that the bandwidth of the excitation system will increase as Kf decreases, which results in a faster response speed of the motor-port output voltage. The actual output response of the system is shown in Figure 19. As can be seen, when Kf decreases from 1 to 0, the response time is shortened. Thus, the influence rules of the parallel correction link gain Kf can be verified.




5.6. Verification of the Simplification of the Excitation System Structure


Based on the simplified excitation system proposed in Section 4.6, a corresponding simulation model is built in MATLAB/SIMULINK. Consistent with the simulation parameters above, the reference value of the motor-port voltage is also set to 1000 V, and the corresponding simulation results are shown in Figure 20. As can be seen, the performance of the motor-port voltage is almost the same as that of the original excitation method, which verifies the effectiveness of the proposed simplified excitation system.



The fast tracking ability of output power is the most important function of the FSC-VSPSU. To further verify the effectiveness of the proposed simplified excitation system, more simulation cases are as follows. Firstly, when the active power initial value of the FSC-VSPSU is set to 1 MW and steps down to 0.5 MW at 4 s, the actual output is shown in Figure 21a. As can be seen, the actual active power output can quickly track the set value. Furthermore, the reactive power tracking with a constant reference value of 0 is shown in Figure 21b. As can be seen, the actual reactive power output can always track the reference.



Further, when the active power initial value of the FSC-VSPSU is set to 1 MW and steps up to 1.5 MW at 4 s, the actual output is shown in Figure 22a. As can be seen, the actual active power output can also quickly track the set value. Furthermore, the reactive power tracking reference is always 0, and the simulation result is shown in Figure 22b. As can be seen, the actual reactive power output can also track the reference.





6. Conclusions


To maintain the effective performance operation of the FSC-VSPSU, one of the crucial points is to grasp the operating characteristics of its excitation system. Thus, this paper establishes a transfer function model for the excitation system, and based on it, the corresponding operating characteristics are analyzed. Some conclusions are as follows. It is worth noting that the following parameter influence rules only apply to the influence of the excitation system on motor-port voltage, which can be used to guide parameter tests in practical engineering.



(1) The phase margin is strengthened by increasing the parameters T2, T4, and Ta, or decreasing T1, T3, K, and Ka;



(2) The bandwidth is larger as the parameters T1, T3, K, and Ka increase, or as T2, T4, Ta, and Kf decrease;



(3) The low-frequency gain can be strengthened by increasing the parameters K and Ka or by decreasing KV.
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Figure 1. Structural diagram of the FSC-VSPSU. 
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Figure 2. Structural diagram of the excitation system. 
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Figure 3. Block diagram of the excitation system. 
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Figure 4. Bode diagram of the excitation system. 
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Figure 5. Bode diagram of the excitation system when changing T1. 
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Figure 6. Bode diagram of the excitation system when changing T2. 
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Figure 7. Bode diagram of the excitation system when changing K. 
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Figure 8. Bode diagram of the excitation system when changing KV. 






Figure 8. Bode diagram of the excitation system when changing KV.



[image: Electronics 13 00505 g008]







[image: Electronics 13 00505 g009] 





Figure 9. Bode diagram of the excitation system when changing Kf. 
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Figure 10. Simplified excitation system structure diagram. 
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Figure 11. Simulation model structure diagram. 
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Figure 12. Motor port voltage waveforms when T1 changes. (a) T1 = 100. (b) T1 = 1. 
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Figure 13. Motor port voltage amplitudes when T1 changes. (a) T1 = 1. (b) T1 = 0.5. 
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Figure 14. Motor port voltage waveforms when T2 changes. (a) T2 = 0.001. (b) T2 = 0.01. 
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Figure 15. Motor port voltage amplitudes when T2 changes. (a) T2 = 1. (b) T2 = 2. 
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Figure 16. Motor port voltage waveforms when K changes. (a) K = 5000. (b) K = 200. 
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Figure 17. Motor port voltage amplitudes when K changes. (a) K = 200. (b) K = 50. 
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Figure 18. Motor port voltage amplitudes when KV changes. (a) KV = 2. (b) KV = 0.1. 
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Figure 19. Motor port voltage amplitudes when Kf changes. (a) Kf = 1. (b) Kf = 0. 






Figure 19. Motor port voltage amplitudes when Kf changes. (a) Kf = 1. (b) Kf = 0.
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Figure 20. Motor port voltage amplitude after simplifying the excitation system. 
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Figure 21. Fast tracking of output power when the reference steps down. (a) Active power. (b) Reactive power. 
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Figure 22. Fast tracking of output power when the reference steps up. (a) Active power. (b) Reactive power. 
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Table 1. Parameters of the excitation system.
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Symbol

	
Parameter

	
Value






	
Tc

	
Time constant of the sampling link

	
Tc = 0.001




	
K

	
DC gain of the series correction link

	
K = 200




	
KV

	
Integration correction selection factor

	
KV = 1




	
T1

	
Time constant of the series compensation link

	
T1 = 0.01




	
T2

	
T2 = 1




	
T3

	
T3 = 1




	
T4

	
T4 = 6.86




	
Ka

	
Gain of the power amplification link

	
Ka = 1




	
Ta

	
Time constant of the power amplification link

	
Ta = 0.02




	
Kf

	
Gain of the parallel correction link

	
Kf = 0




	
Tf

	
Time constant of the parallel correction link

	
Tf = 1




	
Rf

	
Resistance of the excitation winding

	
Rf = 0.1576




	
Kψ

	
Mapping relationship between excitation current and motor-port voltage

	
Kψ = 0.02




	
Tc

	
Time constant of the sampling link

	
Tc = 0.001




	
K

	
DC gain of the series correction link

	
K = 200




	
KV

	
Integration correction selection factor

	
KV = 1











 





Table 2. Basic parameters of the simulation system.
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	Symbol
	Parameter
	Value





	ug
	Power grid voltage
	ug = 35 kV



	fg
	Power grid frequency
	fg = 50 Hz



	rt
	Transformer ratio
	rt = 35 kV:3.3 kV



	udc
	DC voltage
	udc = 5.2 kV



	um
	Motor-port voltage
	um = 1 kV



	n
	Mechanical speed
	n = 1500 r/min



	Pm
	Active power
	Pm = 1 MW



	Qf
	Reactive power
	Qf = 0 Var
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