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Abstract

:

A new control estimator to maximize the power generated with a maximum power point estimator is introduced. The power mapping characteristics from the double-stator generator are modeled as a mathematical equation which is used to develop the estimator for maximum power tracking to maximize the generated power. The proposed estimator automatically traces the instantaneous maximum power at various load conditions. However, to stabilize the output voltage, a boost converter is used from the inverter side. The developed double-stator generator is tested with the new estimator for the maximizing power generation capability under laboratory conditions. The experimental results confirm that with the new estimator, the average power generation capability is increased by 12% and the peak value is increase by 22%.






Keywords:


maximum power point estimator; double stator generator; power mapping; palm oil mill








1. Introduction


Permanent magnet generators these days are manufactured in a wide range of sizes and for numerous applications. They have a wide range of applications including as auxiliary generators mounted on the engines in automobiles [1], motorcycles [2], tidal [3] and aircraft [4]. These types of generators are electronically commutated compared to wound field generators, making power control feasible. Also, the development of high-energy rare earth magnets and NdFeB magnets adds an advantage towards improvement in generating capability electro-magnetically [5]. New types of rotary [6,7,8] and linear machines [9,10] are feasible today due to advancements in permanent magnets and the advanced control strategy. However, the biggest challenge in power generation is that the electrical parameters are highly limited by load fluctuations. The use of a high-power generator such as the double-stator generator [11,12] and double rotor [13] machines increases the efficiency even for short-duration applications [14]. Double-stator machines as in Reference [11] with reduced weight to decrease the losses to a greater extent through the removal of heat caused by high density in the electric loadings. References [12,13,14] introduce the double rotor more typical for short-duration characteristics which shows better performances. Magnetic circuit design variations such as in References [14,15,16] are possible, but are developed without dynamic load considerations. The idea of the power line estimator for dynamic operation as used in solar tracking is the motivation of this research. There are other estimators in the literature such as those used in thermo-electric power generation [17], hybrid power generation systems [18,19], improved hybrid with fault studies [20,21,22], solar tracking [23], and wind operations [24,25]. This proposed estimator is slightly different, as the case where it depends on the load (dynamic) is formulated through a current equation that brings the best fit curve characteristics of the estimator.



In this work, the power characteristics of the double-stator generator developed [15] using the design procedure [16] together with the load condition are simulated to derive the line of trace (estimator). The values derived from the power mapping are modeled as a mathematical equation. The new estimator control strategy method we presented in this work demonstrates that the estimator used in the dynamic loading fluctuation is highly beneficial, particularly for systems with short-duration generation requirements [14]. The power generation using the double-stator generator, the mathematical formulation of the control strategy used in this approach, its experimental implementation and the result analysis are presented in the subsequent sections.




2. System on Power Generation using Double-Stator Generator


2.1. Power Mapping of Double-Stator Permanent Magnet Generator


The generator that used in this estimation is a high power density double-stator permanent magnet generator (DSPMG) [11]. The detailed design procedure of such a type of machine is presented in Reference [16]. Figure 1 shows the structure of the DSPMG and the generator is simulated in a finite element analysis tool for the power density characteristics. The maximum power is captured during modeling when the load reduced from the maximum (maximum impedance value) value and is plotted as the power mapping characteristics.



The performance of the double-stator generator uses the power mapping approach in which the spectra of the power and the voltage generated at various speeds are computed is as shown in Figure 2a,b. Figure 2a shows the power mapping for the generator. In order to get this power mapping, it is tested with various load conditions for speed variations. The output is coupled to the rectifier and capacitor for the generation of direct current (DC) voltage. The electronic load resistance is changed from 3 to 100 ohm and the generated output power is plotted. The maximum power generated is 180 W at the rotational speed of 1500 rpm with a load 10 ohm. The relation between the speed, the load and generated power is clearly understood through this power mapping data. Besides that, the relation between the voltage, current and output power in Figure 2b is calculated using Equations (1) and (2) and the efficiency characteristics are shown as in Figure 2c.




V = I × R



(1)






P = I × V



(2)






2.2. Extraction of the Best Curve Fit and the Methodology in Designing the Estimator for the Controller


Figure 3 shows the flowchart for the method used for the maximum power point tracker in order to maximize the power output. Using the MATLAB tool the generic current equation relating the voltage and speed is developed. From the power mapping characteristics the power-voltage (p, v) and power-current (p, i) are extracted. The double-stator generator is then modeled in an open circuit with the power electronic circuit with this extracted output. The designed power converter (boost converter) is modeled using the state-space averaging method and the plot for the various speeds to estimate the maximum power point is traced. Once the modeled system of power mapping with the electronic drive is tested in simulations, the data is then stored in the microcontroller unit and is tested.




2.3. Conversion of Power Mapping to v-i (voltage-current), v-p (voltage-power) Characteristics


The generator characteristics from power mapping are converted to the voltage current v-i (voltage-current) characteristic and the voltage power v-p (voltage-power) characteristic in order to estimate the output power in the simulation environment. Figure 4a shows the schematic of the generator and Figure 4b shows the generator with the rectifier model. The fitting process from the power mapping characteristics is done through MATLAB and the relation between the voltage, current and speed is expressed as in Equation (3).


I = −4 × 10−4 × V2 + (−0.137 + (8.35 × 10−5 × N)) × V + 4.66 + 3.84 × 10−4 × N



(3)




where I is the current in (A), V is the voltage in (V) and N is the speed of the generator in (rpm).



Figure 5 shows the characteristics of v-i and v-p from the power mapping. Figure 5a shows the current variations compared to that of the load. The v-i characteristics in Figure 5b show the value for every speed condition. Initially, the power is increased with the increase in the voltage until the maximum value is reached, and then it starts reducing at a certain voltage. For instance, at the speed of 1500 rpm, the maximum output power is 180 W and the voltage is 55 V. At each instant the speed shows the difference between the maximum value and the optimal voltage value. The calculations of the current and voltage are also plotted in the same graph and the results agree with that of the measurement value. The maximum difference of 8% does not affect the simulation value for estimation.





3. Maximum Power Point Estimator


3.1. Modeling of Power Generation Unit


Figure 6 shows the designed circuit configuration that can deliver to both the DC load and alternating current (AC) load. With the DC load, the buck converter is used for generating DC voltage. For the AC load, the circuit consists of two sets of a boost converter and a single-phase inverter to generate the AC voltage. Boost converters are used to interleave the voltage stabilization on the circuit [26,27] and with hybrid controllers, as in Reference [28], they would help in increasing the operating performance of the plant. Table 1 shows the circuit component used in this design. The filter circuit includes in the DC side as the link DC capacitor (CRec ), the inductor (L1),the resistor (RDC) and the output capacitor (CA). Two boost inductors (L2, L3) and the corresponding capacitors (CB, CC) are usen in the boost design. The duty ratio of the switch for the first-stage boost converter in this research is limited to the maximum value of 0.75. If this duty ratio is high, the voltage vRec is reduced and the generated power is also reduced; hence, a two-stage boost converter is used. The second-stage boost converter is regulated at DC 400 V. The AC side filter design includes resistor (RAC) inductor (Lf) and capacitor (Cf). The output voltage vAC of the inverter is AC 240 Vrms. So, the modulation amplitude mAC is 0.849. Therefore, the reference voltage     v  A C  *     is given as in Equation (4).




    v  A C  *  = 0.849 sin ω t   



(4)





Generally, DC/DC converters consist of an inductor, a capacitor, a diode, a switch element, and a resistor. When switch G of the DC/DC boost converter accepts ON/OFF signals, the output voltage increases. The timing of the ON/OFF signal is referred to as the duty cycle and as it increases, the load impedance Z is also changed depending on the individual parameters of each element. A suitable duty cycle to switch G is used to achieve impedance matching between the generator and load [29]. Figure 7 shows the DC/DC boost converter with the generator modelled as voltage source (V) with resistance (RM). During the ON condition the switch resistance (rG) is minimal since it is short circuited, a current (iL), flows through the coil represented with resistance of (rL) and inductance (L). The output voltage (vc1) is computed as the capacitor(C0) is supplying the current (i0) to the load resistance. During the OFF condition the switch resistance is maximum and hence the voltage source (VD) with internal resistance gets added to the source voltage making the boost in the output voltage.



The boost converter circuit operates in continuous conduction mode (CCM) by the ON/OFF switch G, and the circuit is analyzed linearly by applying the state-space averaging method. When the switch G is turned on, G is conducting and diode D is opened. The energy is accumulated from the double-stator generator to the reactor L and the load power is supplied from the smoothing capacitor C0. Based on the equivalent circuit, Equations (5)–(7) are derived by using Kirchhoff’s law.




    C 1    d  V T    d t   +  i L  =    V M  −  V T     R M      



(5)






   L   d  i L    d t   + (  r L  +  r G  )  i L  =  V T    



(6)






    C 0    d  V o    d t   +    V 0     R 0    = 0   



(7)





The state-space equations for the above design variable are as in Equations (8)–(10).




   x =      [   v T   i  L    v 0   ]   T    



(8)






     d x   d t   =    A 1  x +  B 1   V M    



(9)






    A 1  =  [      −  1   R M   C 1        −  1   C 1       0       1 L      −   (  r L  +  r G  )  L     0     0   0    −  1   R 0   C 0         ]   B 1  =  [       1   R M   C 1         0     0     ]    



(10)





When the switch G is turned off, G is opened and diode D is conducting, and the energy is charged through the smoothing capacitor     C 0     from the generator and the reactor L and it is channeled to the load     R 0    . Based on the equivalent circuit, the following equations as in the above case, Equations (11)–(16), are derived by using Kirchhoff’s law.




    C 1    d  V T    d t   +  i L  =    V M  −  V T     R M      



(11)






   L   d  i L    d t   + (  r L  +  r D  )  i L  =  V T  −  (   V D  +  V o   )    



(12)






    C 0    d  V o    d t   = −    V 0     R 0    +  i L    



(13)





Similarly to the case of the switch being on, the following formula is derived by organizing equations as in Equations (14)–(16).




   u =    [   V M  −  V D   ]   T    



(14)






     d  x ˙    d t   =  A 2  x +  B 2  u   



(15)






    A 2  =  [      −  1   R M   C 1        −  1   C 1       0       1 L      −   (  r L  +  r D  )  L      −  1 L       0     1   C o        −  1   R 0   C 1         ]   B 2  =  [       1   R M   C 1         0     0       0       1 L       0     ]    



(16)





The average value of the state variable is defined as in Equation (17):


    x ¯  =    [     v T   ¯     i L   ¯     v 0   ¯   ]   T    



(17)







The duty cycle when the switch G is turn on is defined as D, and when the switch G is turn off it is defined as in Equation (18).




    D ′  × ( D +   D ′  = 1 )   



(18)





The state-space averaging equation can be expressed as in the following Equations (19)–(21):


     d  x ˙    d t   = A  x ˙  + B u   



(19)




where


    A = D  A 1  +  D ˙   A 2  ;    B = D  B 1  +  D ˙   B 2     



(20)







Therefore,


    A 1  =  [      −  1   R M   C 1        −  1   C 1       0       1 L      −   (  r L  + D  r G  +  D ˙   r G  )  L      −   D ˙  L       0      D ˙    C o        −  1   R 0   C 0         ]   B 1  =  [       1   R M   C 1         0     0       0        D ˙  L       0     ]    



(21)







The steady-state value    Χ =      [   V T   I L   V 0   ]   T     can be expressed as in the following equation by      d   x  ( t )   ¯    d t   = 0   .




   x =   −  A  − 1   B u   



(22)





Using the above, the Equation (23) matrix is derived:


    [       V T         I L         V 0       ]  =  1  r +  R M     [      r  V M  +  D ˙   V D   R M         V M  −  D ˙   V D         D ˙   V M   R o  −    D 2   ˙   V D   R o       ]    



(23)




where


   r =  r L  + D  r G  +  D ′   r D  +  D   ' 2     R o    



(24)







The output voltage     V T     of the double-stator generator is given in Equation (25).




    V T  =   r  V M  +  D ˙   V D   R M     r L  + D  r G  +  D ′   r D  +  D   ' 2     R o  +  R M      



(25)





The internal voltage     V M     of the double-stator generator is given by Equation (26).




    V M  =    (  r +  R M   )   V T  −  D ˙   V D   R M     r L  + D  r G  +  D ′   r D  +  D   ' 2     R o      



(26)





The average value     I L     can be expressed as in Equation (27).




    I L  =    V M  −  D ˙   V D     r L  + D  r G  +  D ′   r D  +  D   ' 2     R o  +  R M      



(27)





Therefore,     V M     and reactor current     I L     is estimated as the output voltage     V T     of the double-stator generator which is measured through experimental design. The average value of the reactor current     I L     is defined as equal to     I T     by the smoothing effect of the capacitor     C 1    . To substitute the value of the terminal voltage,     V T     to the estimation equation,       I L   ^     is estimated.




    I L  =    V M  −  V T     R M      



(28)






3.2. Evaluation of the Estimator Characteristics for the Double-Stator Generator


Figure 8 shows the characteristics of the double-stator generator for each rotation speed. If the rotation speed increases, the generating power also increases. This characteristic indicates that there are maximum power points for each rotation speed of the generator. When the internal resistance RM equals the load impedance Z, the condition is such where the power for each rotation speed is at maximum. From the measurement data the approximate equation at each speed is plotted. From the plot at each speed the maximum power point is traced as a power line for the controller to be tuned.





4. Experimental Evaluation of the New Estimator


Figure 9 shows the interface driving unit of the new estimator generation unit with the DC/DC converters enclosing an inductor, a capacitor, a diode, a switch element, and a resistor. When the internal resistance RM equals the load impedance Z, the condition is called impedance matching [30], where the power for each rotation speed is at maximum. The condition of impedance matching is defined as     R M   I T  =  V T    . The estimator control is used to control the command value     V  R e f     .




    V  R e f   =    R M     I T   ^  =  R M     I L   ^    



(29)





The system consists of a double-stator generator, a DC/DC boost converter, an MCU (microcontroller unit), and a load resistance     R 0    , as shown in Figure 10. Primarily the MCU measures the input voltage VT from the voltage sensor. Secondly, it estimates the inductor current     I L     and the inductive voltage VM, using VT. Finally, the MCU calculates a suitable duty cycle D for the maximum power with each rotational speed and load resistance. This series of events is called the maximum power point estimator control strategy. During the experimental testing of the estimator, the generator is started, and the value of the load resistance is decreased from 100 to 5 Ω to perform the estimator control. Then, the rotation speed is varied from 700 to 1500 rpm to repeat the experimentation further.



Figure 11 shows the experimental result of the comparison with and without the estimator. The black line indicates the maximum power points for each rotation speed of the generator by analytical computations. The red line indicates the result of using the experimental estimator control method. The experimental results are in close agreement to that of the ideal maximum power point result with the estimator curve developed for maximum power output. Therefore, the results confirm that the new control strategy is suitable for a generator with dynamic load changes.




5. Conclusions


The new control strategy to maximize the generated power through the maximum power point estimator is developed and discussed. Initially, the power mapping characteristics with the load circuit and the power electronic circuit is modeled to develop the estimator. The estimator curve evolved out of this design is used as an estimator by the controller in order to maximize the power generation. The modeled estimator is tested with the laboratory system using the generator and the electronic drive controller with dynamic loads. It is observed through the experimental design that the controller tracks the maximum power point as the load is fluctuated. This helps the generator to maximize the power generated. The experimental results confirm that with the new estimator control strategy, the average power generation capability is increased by 12% and the peak value is increased by 22%. The developed strategy can be implemented with other generator systems; however, the tuning needs to be done based on the application.
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Figure 1. Structural configuration of the double-stator permanent magnet generator. 
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Figure 2. Power mapping characteristics and efficiency characteristics. (a) Power mapping of load–speed characteristic; (b) Power mapping of voltage–speed characteristic; (c) Efficiency of double-stator permanent magnet generator. 
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Figure 3. Flowchart of the method used for the estimator. p-v: power-voltage; v-i: voltage-current; N: speed; MPPT: maximum power point tracker. 
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Figure 4. Simplified double-stator generator and rectifier model. (a) Model of the double-stator generator with a rectifier; (b) Simulation mode. Irc: load current; Vrc: load voltage; Crc: load capacitance; VG: generator voltage; IG: generator current. 
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Figure 5. Relationship between voltage, current and power: (a) v-i characteristics; (b) v-p characteristics. 
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Figure 6. Configuration on modeling of power generation system. C1: Linking capacitor; C0: Output capacitor; L: Inductance; D: Diode; G: Generator; S: power device switch. 
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Figure 7. Circuit diagram in switch ON/OFF. 
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Figure 8. Characteristics of the double-stator generator for each rotation speed. 
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Figure 9. Configuration of the system using a DC/DC boost converter. RM: machine resistance; PI: proportional-integral; PWM: pulse width modulation. 






Figure 9. Configuration of the system using a DC/DC boost converter. RM: machine resistance; PI: proportional-integral; PWM: pulse width modulation.
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Figure 10. Experimental system with the new estimator control method. MCU: microcontroller unit; DSPMG: double-stator permanent magnet generator. 






Figure 10. Experimental system with the new estimator control method. MCU: microcontroller unit; DSPMG: double-stator permanent magnet generator.
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Figure 11. With and without the new estimator control strategy. 
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Table 1. Circuit component specifications. DC: direct current; AC: alternating current.







Table 1. Circuit component specifications. DC: direct current; AC: alternating current.







	
Item

	
Symbol

	
Unit

	
Value






	
DC capacitor

	
CRec

	
(μF)

	
4700




	
DC filter inductor

	
L1

	
(mH)

	
1




	
DC output capacitor

	
CA

	
(μF)

	
470




	
DC resistor

	
RDC

	
(Ω)

	
30




	
Boost inductor

	
L2, L3

	
(mH)

	
1




	
DC capacitor

	
CB

	
(μF)

	
10




	
DC capacitor

	
CC

	
(μF)

	
1000




	
AC filter inductor

	
Lf

	
(mH)

	
1




	
AC filter capacitor

	
Cf

	
(μF)

	
10




	
AC resistor

	
RAC

	
(Ω)

	
384
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