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Abstract

:

This paper presents control methods for performance improvement of an integrated on-board battery charger (OBC) in hybrid electric vehicles (HEVs). HEVs generally consist of an OBC and a starter generator system (SGS). Since these each have a power conversion device for independent operation, such as battery charging and starter generator driving for engine starting, it necessarily increases the number of components, weight, and volume of the HEV. In order to overcome these disadvantages, recent research concerning the integrated OBC has progressed. Although it demands installation of power relays and an additional circuit, the integrated OBC is effectively operated for battery charging and starter generator driving. This paper proposes not only a harmonic reduction method of grid current, but also a feed-forward control method for performance improvement of the integrated OBC in HEVs. The effectiveness of the proposed control methods is verified by simulation and experimental results.
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1. Introduction


Research concerning hybrid electric vehicles (HEVs) has been steadily growing with development of vehicular batteries. HEVs are able to replace internal combustion engine (ICE)-powered vehicles with comparable high driving efficiency and low exhaust emission. A HEV utilizes both electrical and mechanical energy to drive the vehicle, contrary to the conventional ICE powered vehicle [1,2,3,4,5]. In addition, a HEV is considered not only a form of transportation but also a portable energy storage device. It can be connected to a grid source to effectively use electrical energy stored in the battery. In other words, an HEV can be operated as vehicle-to-grid (V2G) by flowing electrical energy from the vehicle to the grid, and vice versa, grid-to-vehicle (G2V), by using various control methods [6,7,8,9], thus providing bidirectional power flow.



Along with HEV development, interest in the issue of battery charge has increased research in power conversion devices and control strategies of battery chargers for HEVs and electric vehicles (EV) [10,11,12]. Furthermore, recently, interest in the performance improvement and safety issues related to battery charge has increased. The control strategy with feed-forward to improve the dynamic characteristic of battery chargers is proposed in [13], and methods for safety improvement by wide output voltage range or voltage drop compensation of the battery charger for HEVs and EVs are proposed [14,15].



Recently, from the point of view of the entire battery charge system, interest in the issue of the battery management system (BMS) has increased. The purpose of the BMS is to manage the battery and various functions for the BMS, which are classified as real-time monitoring, calculation and prediction, protection, and optimization, which are under development to improve reliability and safety of battery charging [16,17,18,19,20,21].



In the HEV, a number of components are required to drive the vehicle using both electrical and mechanical energy. Above all, an on-board battery charger (OBC) and a starter generator system (SGS) are separately used for the HEV. The OBC is necessary for battery charging the HEV by using the grid source commonly provided in households and various control methods for OBC, including battery charging methods that have been widely researched [22,23,24,25]. The SGS is composed of a drive inverter with a starter generator. It is necessary for engine starting from an idle stop and to increase driving efficiency of HEVs. In other words, its role is mainly classified into two parts. First, the SGS converts the mechanical energy, such as kinetic energy of the HEV, into the electrical energy for battery charging. Second, it relieves exhaust emission in case the HEV is stopped briefly while driving in downtown [26,27,28].



Since the OBC and the SGS each have a power conversion device for independent operation, such as battery charging and a generator for starting the engine, it necessarily increases the number of components, weight, and volume of the HEV. In order to overcome these disadvantages by eliminating the conventional OBC from an HEV, research into an integrated OBC has recently progressed [29,30,31,32]. In case the integrated OBC proposed in [29,30,31,32] is operated in the battery charging mode, windings of the starter generator are used as a filter inductor of the grid source. As a result, by reducing the number of power conversion devices using the integrated OBC, more interior space is obtained and the manufacturing cost of the HEV is reduced.



Contrary to the integrated OBC presented in other research, this paper proposes an integrated OBC using the windings of the starter generator as a filter inductor of the DC–DC converter. In addition, since the integrated OBC operated for battery charging is connected to the grid source, control methods for performance improvement such as power quality and high system stability are required. Therefore, this paper introduces a configuration of the integrated OBC; in addition, we propose not only a harmonic reduction method of grid current, but also a feed-forward control method for performance improvement of the integrated OBC. The effectiveness of the proposed control methods is verified by simulation and experimental results.




2. Configuration of Integrated OBC


Figure 1 shows the circuit diagram of the integrated OBC. The integrated OBC is constructed by installing seven power relays (R1–R7), a filter inductor (Lf) with a single-phase grid source, and an additional circuit in the conventional SGS. By modifying its circuit depending on operation with turn-on and turn-off of R1–R7, as listed in Table 1, it can be operated in battery charging mode and starter generator driving mode, similar to the conventional OBC and the SGS, respectively. The operation of R1–R7 to determine the operation modes of the integrated OBC is implemented after power flow is stopped.



The integrated OBC decreases the number of power conversion devices and their components, weight, and volume, when compared with an HEV using the conventional OBC and the SGS separately [33]. As listed in Table 2, the volume required to contain each power conversion device for the OBC and the SGS in the conventional HEV is about 7.42 L. However, although power relays are added in the integrated OBC, the volume required to contain the integrated OBC is decreased by up to 4.65 L, which is about 37% smaller, because the volume for IGBT modules, gate drivers, and heatsink used in the integrated OBC is decreased considerably. Therefore, the integrated OBC is able to improve the power density of the HEV.



2.1. Battery Charging Mode


In order to operate the integrated OBC in the battery charging mode, as shown in Figure 1, R1–R3 are turned off, simultaneously, and R4–R7 are turned on. Through this operation of power relays, the integrated OBC is reconfigured with the single-phase grid source, a full-bridge converter, a DC–DC converter, and a battery, as shown in Figure 2a.



The single-phase grid source is connected to the full-bridge converter, which is composed of four switches (SAp, SAn, SBp, and SBn), using R4 and R5. AC power generated from the single-phase grid source is converted into DC voltage and current in a DC-link by the full-bridge converter. In addition, contrary to the integrated OBC proposed in [29,30,31,32], the windings of the starter generator are used as the filter inductor of the DC–DC converter, which is composed of two switches (SCp and SCn). Therefore, an equivalent inductance regarding the filter inductor of the DC–DC converter is 1.5 times of that regarding the single-winding of the starter generator. Finally, the DC–DC converter is connected to the battery by using R6 and R7 for battery charging with voltage and current control. In this battery charging mode, the integrated OBC can be operated with the bidirectional power flow for V2G and G2V depending on reference current for the current control using the DC–DC converter.



The rated current of the starter generator needs to be considered to assure that the current flowing into the windings in battery charging mode will not exceed the rated current. In addition, the current flowing into the single-winding (La) connected to SCp and SCn, shown in Figure 2a, is evenly split between the other windings (Lb and Lc) of the starter generator. Due to the unbalanced current of the windings, the heat is not even and this issue needs to be considered. However, the starter generator has a large rated current and the single-winding connected to SCp and SCn is randomly decided as one of La, Lb, or Lc due to starter generator driving. Therefore, in the long term, the unbalanced current of the windings resulting in the uneven heat does not significantly affect the feasibility of the starter generator. Furthermore, current balancing techniques with partial modification of the circuit [34,35] and selection method of the single-winding connected to SCp and Scn based on thermal modeling [36] can be applied to solve the problem caused by the unbalanced current of the windings.




2.2. Starter Generator Driving Mode


In contrast to the battery charging mode, R1–R3 are turned on, simultaneously, R4–R7 are turned off in order to operate the integrated OBC, as shown in Figure 1, in the starter generator driving mode. Through this operation of power relays, the integrated OBC is reconfigured with the battery, a three-phase inverter, and the starter generator, as shown in Figure 2b.



The battery is connected to the DC-link of the three-phase inverter, which is composed of all switches of the integrated OBC, using R1 in order to apply DC power stored in the battery to the DC-link. DC power applied to the DC-link is converted into AC voltage and current by the three-phase inverter. Additionally, the three-phase inverter is connected to the starter generator using R2 and R3 in order to drive the starter generator using converted AC voltage and current. The circuit diagram and operation principle of the integrated OBC operated in the starter generator driving mode are equal to those of the conventional SGS.



As a result, although the integrated OBC demands additional installation in the conventional SGS, it is effectively operated for battery charging and starter generator driving depending on operation of the power relays.





3. Control Methods in Battery Charging Mode


In this paper, control methods of the integrated OBC operated in the battery charging mode are only considered except the control methods in the starter generator driving mode, which are similar to those of the common three-phase inverter to drive electric machines. The integrated OBC operated in the battery charging mode, as shown in Figure 2a, is mainly composed of the full-bridge converter and the DC–DC converter using the windings of the starter generator as the filter inductor. Therefore, their control methods are classified into two parts: control block diagrams for the full-bridge converter and the DC–DC converter, as shown in Figure 3.



3.1. Control Method of Full-Bridge Converter


The full-bridge converter in the integrated OBC operated in the battery charging mode performs AC–DC power conversion using a single-phase grid source with a DC-link voltage controller and current controller. In the control block diagram for the full-bridge converter, voltage (vgrid) and current (igrid) of the single-phase grid source are defined to α-axis voltage (vα) and current (iα) in the stationary reference frame. β-axis voltage (vβ) and current (iβ) are obtained by using an all-pass filter (APF), which is expressed as in (1), because APF calculates only a 90-degree phase-delayed signal compared with input signal, thus keeping the amplitude constant.


   G  A P F    s  =   s −  ω  A P F     s +  ω  A P F     .  



(1)







Additionally, vα and vβ are used to obtain a phase angle (θgrid) of the single-phase grid source with synchronous reference frame phase-locked loop (SRF-PLL) [37]; iα and iβ are converted to d–q axis current (id and iq) in the synchronous reference frame using the θgrid.



In the DC-link voltage controller, DC-link voltage (vDC) is controlled to reference DC-link voltage (v*DC) using a proportional–integral (PI) controller [38], and the output of DC-link voltage controller is expressed as in (2).


   i  q , f b  *  =  K  p , V C      v  D C  *  −  v  D C     +    K  i , V C    s     v  D C  *  −  v  D C     ,  



(2)




where Kp,VC and Ki,VC are proportional and integral gain of DC-link voltage controller, respectively. In current controller, d-axis reference current (i*d) is set to zero and q-axis reference current is set to i*q,fb; id and iq are controlled to i*d and i*q,fb using the PI controller, respectively, and the outputs of current controller are expressed as in (3).


     v d *  =  K  p , C C      i d *  −  i d    +    K  i , C C    s     i d *  −  i d         v q *  =  K  p , C C      i  q , f b  *  −  i q    +    K  i , C C    s     i  q , f b  *  −  i q       



(3)




where Kp,CC and Ki,CC are proportional and integral gain of current controller, respectively. Voltages v*d and v*q are converted to α–β axis reference voltages (v*α and v*β) using the θgrid; among them, v*α is only used to operate the full-bridge converter. Finally, an unipolar modulation method is used to operate SAp, SAn, SBp, and SBn of the full-bridge converter to obtain the adequate current, which has low total harmonic distortion (THD) and less ripple component.




3.2. Control Method for the DC–DC Converter


The DC–DC converter in the integrated OBC operated in the battery charging mode uses the windings of the starter generator as the filter inductor. It performs DC–DC power conversion between the DC-link and the battery with battery voltage and current controller. In the constant voltage (CV) mode of the DC–DC converter, voltage (vbat) and current (ibat) of the battery are controlled to reference voltage and current (v*bat and i*bat) using the PI controller. Furthermore, in the constant current (CC) mode, the battery current controller is only used. The output of battery voltage and current controller is expressed as in (4).


     i  b a t  *  =  K  p , B V C      v  b a t  *  −  v  b a t     +    K  i , B V C    s     v  b a t  *  −  v  b a t          v C *  =  K  p , B C C      i  b a t  *  −  i  b a t     +    K  i , B C C    s     i  b a t  *  −  i  b a t        



(4)




where Kp,BVC, Ki,BVC, Kp,BCC, and Ki,BCC are proportional and integral gains of battery voltage and current controller, respectively. The duty ratio for SCp and SCn is determined by v*C as the output of battery current controller.





4. Proposed Control Methods for Performance Improvement of Integrated OBC


In the integrated OBC operated in the battery charging mode, harmonic components included in igrid deteriorate power quality, operation efficiency, and performance of the integrated OBC and cause unstable control of the full-bridge converter and a shorter lifetime of the elements. Therefore, additional control methods are required for performance improvement such as power quality and high system stability. This paper proposes not only the harmonic reduction method of grid current but also the feed-forward control method.



4.1. Reduction Method of the Third-Order Harmonic Component


The third-order harmonic component is essentially included in igrid because the single-phase grid source is used in the integrated OBC [39]. A nonideal proportional-resonant (PR) controller is used to reduce the third-order harmonic component; its transfer function is expressed as in (5).


   G  P R    s  =  K  p , P R   +   2  K  r , P R    ω c  s    s 2  + 2  ω c  s +  ω r 2    ,  



(5)




where Kp,PR and Kr,PR are proportional and resonant gain of the nonideal PR controller; ωc and ωr are the cutoff frequency and resonant frequency, respectively [40,41,42]. The nonideal PR controller is able to control igrid in a specific frequency band selectively and it is a reasonable method to reduce the third-order harmonic component, which is close to the fundamental component of igrid due to its narrow frequency bandwidth, as shown in Figure 4.




4.2. Reduction Method of the Sixth-Order Harmonic Component


Fifth-order and seventh-order harmonic components are also included in igrid due to distortion of vgrid caused by nonlinear characteristics of switching devices and effect on dead-time in the full-bridge converter. Additionally, vgrid ideally occurs in the form of a sinusoidal wave; however, fifth-order and seventh-order harmonic components are included in nonideal vgrid. These components are also influenced on fifth-order and seventh-order harmonic components of igrid.



Generally, iα and iβ are expressed by Fourier transform as in (6), and it includes not only the fundamental component of igrid but also fifth-order and seventh-order harmonic components.


     i α  =  I m    sin    ω  g r i d   t   +  1 5  sin   5  ω  g r i d   t   +  1 7  sin   7  ω  g r i d   t   + ⋯        i β  =  I m    − cos   ω t   +  1 5  cos   5  ω  g r i d   t   −  1 7  cos   7  ω  g r i d   t   + ⋯      



(6)




where Im is magnitude of igrid and ωgrid is angular frequency of the single-phase grid source. Additionally, id and iq are expressed by coordinate transformation to the synchronous reference frame of iα and iβ as in (7).


     i d  =  I m     1 5  sin   6  ω  g r i d   t   +  1 7  sin   6  ω  g r i d   t   + ⋯        i q  =  I m    − 1 +  1 5  cos   6  ω  g r i d   t   −  1 7  cos   6  ω  g r i d   t   + ⋯      



(7)







As a result, fifth-order and seventh-order harmonic components included in iα and iβ as in (6) are converted to sixth-order harmonic components in id and iq as in (7). Therefore, it is possible to reduce fifth-order and seventh-order harmonic components of igrid through the control of sixth-order harmonic components.



Figure 5 shows the control block diagram for reduction of sixth-order harmonic components. Fifth-order (id,5th and iq,5th) and seventh-order harmonic components (id,7th and iq,7th) of igrid in the synchronous reference frame can be obtained by using APFs with bandwidths of 300 and 420 Hz, and coordinate transformation to the synchronous reference frame with θgrid. The sum of id,5th and id,7th and the sum of iq,5th and iq,7th are sixth-order harmonic components (id,6th and iq,6th), respectively. In addition, APFs with bandwidth of 360 Hz and coordinate transformation to the synchronous reference frame with 6θgrid are used for id,6th and iq,6th. Finally, reference voltages (v*dα,6th and v*qα,6th) for reduction of sixth-order harmonic components of igrid can be obtained by regulating the outputs of the coordinate transformation to be zero by using the PI controller.




4.3. Feed-Forward Control Method


The full-bridge converter connected to the single-phase grid source in the integrated OBC regulates DC-link voltage regardless of operation of the DC–DC converter that regulates vbat or ibat for battery charging at the sacrifice of DC-link voltage fluctuation. However, in case the power of the battery-side in the integrated OBC is abruptly changed, the DC-link voltage will fluctuate greatly, causing a performance deterioration of the integrated OBC. Since DC-link voltage fluctuation at transient condition is generated by current (iDC,cap) flowing into DC-link capacitor (CDC) in the integrated OBC, it can be reduced by using the fundamental concept that iDC,cap is regulated to be zero with the proposed feed-forward control method.



Figure 6 shows the block diagram of the integrated OBC with DC-link current flow. If current (iDC,grid) flowing into the DC-link from the single-phase gird-source with the full-bridge converter is made equal to that (iDC,bat) flowing into the battery-side with the DC–DC converter from the DC-link, iDC,cap does not flow into DC-link capacitor and DC-link voltage does not fluctuate.



In the integrated OBC, iDC,grid and iDC,bat are expressed as in (8).


   i  D C , g r i d   =    P  g r i d      v  D C     ,        i  D C , b a t   =    P  b a t      v  D C     ,  



(8)




where Pgrid and Pbat are power of the single-phase grid source and battery-side, respectively, which are expressed as in (9), neglecting the losses of the integrated OBC.


     P  g r i d   =  1 2  ×  v m  ×  i m  =  1 2  ×    v α 2  +  v β 2    ×    i α 2  +  i β 2         P  b a t   =  v  b a t   ×  i  b a t      



(9)




where vm and im are magnitudes of vgrid and igrid. Substituting (9) into (8), iDC,grid and iDC,bat are expressed as in (10).


     i  D C , g r i d   =    P  g r i d      v  D C     =  1  2  v  D C     ×  v m  ×  i m       i  D C , b a t   =    P  b a t      v  D C     =    v  b a t   ×  i  b a t      v  D C        



(10)




where iDC,cap is expressed as in (11) depending on Kirchhoff’s current law to DC-link capacitor node; additionally, it should be regulated at zero in order to reduce DC-link voltage fluctuation.


     i  D C , c a p     =  i  D C , g r i d   −  i  D C , b a t        =  1  2  v  D C     ×  v m  ×  i m  −    v  b a t   ×  i  b a t      v  D C     = 0    



(11)







From (11), im equals iq because id is controlled at zero using the full-bridge converter in the integrated OBC. It is represented as in (12).


     v m  ×  i q    2  v  D C     =    v  b a t   ×  i  b a t      v  D C     ,        v m  ×  i q  = 2 ×  v  b a t   ×  i  b a t   .  



(12)







As a result, i*q,ff as the feed-forward component to reduce DC-link voltage fluctuation at transient condition is expressed as in (13).


   i  q , f f  *  =   2 ×  v  b a t   ×  i  b a t      v m    =   2 ×  P  b a t      v m    .  



(13)







In the integrated OBC operated in the battery charging mode, consequently, the proposed feed-forward control method can effectively reduce DC-link voltage fluctuation under a transient condition, including the case when the battery-side power is abruptly changed.



Figure 7 shows the control block diagram of the proposed control method for performance improvement of the integrated OBC. Firstly, i*q,ff obtained by the feed-forward control method is added to i*q,fb to set a novel q-axis reference current (i*q) for current controller of the full-bridge converter. Secondly, v*dα,6th and v*qα,6th obtained by the reduction method of sixth-order harmonic components are added to v*d and v*q as outputs of current controller, respectively. Finally, v*α,3rd obtained by the reduction method of third-order harmonic components is added to v*α for the unipolar modulation of the full-bridge converter.



As a result, through the proposed control methods, such as the reduction methods of harmonic components included in igrid and the feed-forward control method in the integrated OBC operated in the battery charging mode, performance improvement can be achieved, such as power quality and high system stability at transient condition.





5. Simulation Results


In order to demonstrate the validity of the proposed control methods for the integrated OBC operated in the battery charging mode, as shown in Figure 2a, simulation was performed using PSIM software. In Figure 2a, the single-phase grid source is 220 Vrms/60 Hz and Lf is set to 4 mH. In the DC-link of the integrated OBC, CDC is set to 2000 µF considering second-order ripple component of the DC-link current. The single-winding inductance of the starter generator is 0.605 mH; therefore, the equivalent inductance regarding the filter inductor of the DC–DC converter is set to 0.9075 mH, which is 1.5 times that of the single-winding inductance. In addition, the battery is replaced by a load resistor; detailed simulation parameters are given in Table 3.



Figure 8 shows the simulation results of the integrated OBC operated in battery charging mode. In Figure 8a, vgrid is 220 Vrms/60 Hz as a sinusoidal waveform without harmonic components. As shown in Figure 8c,d, vDC and vbat are controlled to v*DC and v*bat, which are set to 400 and 140 V, using the full-bridge converter and the DC–DC converter, respectively. However, the third-order harmonic component is included in igrid, as shown in Figure 8b, due to the single-phase grid source used in the integrated OBC; it can be confirmed by the FFT spectrum of igrid, as shown in Figure 8e.



Figure 9 shows the simulation results of the integrated OBC with fifth-order and seventh-order harmonic components in the single-phase grid source. It has the same scenario as that shown in Figure 8; however, fifth-order and seventh-order harmonic components, which are set to 15% and 10% of fundamental magnitude in vgrid, are included in vgrid, as shown in Figure 9a. Therefore, although vDC and vbat are controlled to v*DC and v*bat as shown in Figure 9c,d, igrid is distorted by harmonic components as shown in Figure 9b. Figure 9e shows the FFT spectrum of igrid. Comparing with that of Figure 8e, fifth-order and seventh-order harmonic components in igrid are increased.



Figure 10 shows the simulation results of the integrated OBC with the proposed reduction method of third-order and sixth-order harmonic components. It has the same scenario as that shown in Figure 9, including fifth-order and seventh-order harmonic components in the single-phase grid source, as shown in Figure 10a. Contrary to that of Figure 9, however, harmonic components included in igrid are reduced by using the proposed reduction method of third-order and sixth-order harmonic components, as shown in Figure 10b. In the FFT spectrum of igrid, as shown in Figure 10e, it can be confirmed that the harmonic components are reduced.



Figure 11 shows the simulation results of the integrated OBC without the proposed feed-forward control method in case the power of the battery-side is abruptly changed. In this simulation, to abruptly change the power of the battery-side, ibat is changed to 10 A from 4 A at 0.8 s. In addition, it is also changed to 4 A from 10 A at 1.2 s. Therefore, vDC fluctuates greatly and it causes a performance deterioration of the integrated OBC.



Figure 12 shows the simulation results of the integrated OBC with proposed feed-forward control method in case the power of the battery-side is abruptly changed. It has the same scenario as that of Figure 11. However, as shown in Figure 12c, vDC does not fluctuate at 0.8 and 1.2 s when the power of the battery-side is abruptly changed by using the proposed feed-forward control method. As a result, it can effectively reduce fluctuation of vDC at transient condition through the proposed feed-forward control method.




6. Experimental Results


To demonstrate the validity of the proposed control methods for the integrated OBC, experiments were performed using the setup shown in Figure 13. The experimental setup was composed of a control board, fans, and switches. The experimental parameters were equal to those of the simulation and are listed in Table 3.



Figure 14 shows the experimental results of the integrated OBC operated in battery charging mode; vgrid is 220 Vrms/60 Hz without harmonic components; vDC and vbat are controlled to 400 and 140 V, respectively. Similar to that shown in Figure 8, a third-order harmonic component is included in igrid due to the single-phase grid source; it can be confirmed by the FFT spectrum of igrid.



Figure 15 shows the experimental results of the integrated OBC with fifth-order and seventh-order harmonic components in the single-phase grid source. The harmonic components included in vgrid are set to 5% of fundamental magnitude in vgrid; therefore, igrid is distorted by the harmonic components. In the FFT spectrum of igrid, fifth-order and seventh-order harmonic components are increased comparable to those shown in Figure 14.



Figure 16 shows the experimental results of the integrated OBC with the proposed reduction method of third-order and sixth-order harmonic components. Comparing with igrid and its FFT spectrum in Figure 15, not only is the third-order harmonic component reduced, but the fifth-order and seventh-order harmonic components are also reduced by using the proposed reduction method of third-order and sixth-order harmonic components.



Figure 17 shows the experimental results of the integrated OBC without the proposed feed-forward control method in case the power of the battery-side is abruptly changed. To abruptly change the power of the battery-side, ibat is changed to 10 A from 4 A, as shown in Figure 17a. Additionally, it is also changed to 4 A from 10 A, as shown in Figure 17b. As the power of the battery-side is changed, vDC fluctuates greatly, by as much as 39 or 33 V, respectively. It causes a performance deterioration of the integrated OBC.



Figure 18 shows the experimental results of the integrated OBC with the proposed feed-forward control method in case the power of the battery-side is abruptly changed. It has the same scenario as that shown in Figure 17. However, by using the proposed feed-forward control method, it can effectively reduce fluctuation of vDC at transient condition.




7. Conclusions


This paper presents control methods for performance improvement of an integrated OBC in HEVs. In the integrated OBC operated in the battery charging mode, harmonic components included in current of the single-phase grid source can be reduced by the proposed reduction method of third-order and sixth-order harmonic components. Additionally, at transient condition, including in case the power of the battery-side is abruptly changed, the proposed feed-forward control method can effectively reduce DC-link voltage fluctuation. It is advantageous to design of cost and volume of the integrated OBC because it does not have to increase DC-link capacitance to reduce DC-link voltage fluctuation. As a result, through the proposed control methods in the integrated OBC, performance improvement is achieved, such as power quality and high system stability at transient condition. The effectiveness of the proposed control methods is verified by simulation and experimental results.
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Figure 1. Circuit diagram of the integrated OBC. 
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Figure 2. Circuit diagram of the integrated OBC depending on operation of power relays: (a) battery charging mode and (b) starter generator driving mode. 
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Figure 3. Control block diagrams of the integrated OBC operated in battery charging mode. 
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Figure 4. Bode plot of ideal and nonideal PR controller. 
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Figure 5. Control block diagram for reduction of sixth-order harmonic components. 
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Figure 6. Block diagram of the integrated OBC with DC-link current flow. 
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Figure 7. Control block diagram of the proposed control methods for performance improvement of integrated OBC. 
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Figure 8. Simulation results of the integrated OBC operated in battery charging mode: (a) voltage and (b) current of the single-phase grid source, (c) DC-link voltage and reference DC-link voltage, (d) voltage of the battery and reference voltage of the battery, and (e) FFT spectrum of current of the single-phase grid source. 
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Figure 9. Simulation results of integrated OBC with fifth-order and seventh-order harmonic components in a single-phase grid source: (a) voltage and (b) current of the single-phase grid source, (c) DC-link voltage and reference DC-link voltage, (d) voltage of the battery and reference voltage of the battery, and (e) FFT spectrum of current of the single-phase grid source. 
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Figure 10. Simulation results of integrated OBC with the proposed reduction method of third-order and sixth-order harmonic components: (a) voltage and (b) current of the single-phase grid source, (c) DC-link voltage and reference DC-link voltage, (d) voltage of the battery and reference voltage of the battery, and (e) FFT spectrum of current of the single-phase grid source. 
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Figure 11. Simulation results of integrated OBC without proposed feed-forward control method in case the power of the battery-side is abruptly changed: (a) voltage and (b) current of the single-phase grid source, (c) DC-link voltage and reference DC-link voltage, and (d) voltage of the battery. 
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Figure 12. Simulation results of integrated OBC with proposed feed-forward control method in case the power of the battery-side is abruptly changed: (a) voltage and (b) current of the single-phase grid source, (c) DC-link voltage and reference DC-link voltage, and (d) voltage of the battery. 
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Figure 13. Experimental setup. 
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Figure 14. Experimental results of integrated OBC operated in battery charging mode. 






Figure 14. Experimental results of integrated OBC operated in battery charging mode.



[image: Electronics 10 02506 g014]







[image: Electronics 10 02506 g015 550] 





Figure 15. Experimental results of integrated OBC with fifth-order and seventh-order harmonic components in a single-phase grid source. 
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Figure 16. Experimental results of integrated OBC with proposed reduction method of third-order and sixth-order harmonic components. 
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Figure 17. Experimental results of integrated OBC without proposed feed-forward control method in case the power of the battery-side is abruptly changed: (a) ibat is changed to 10 A from 4 A; (b) ibat is changed to 4 A from 10 A. 
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Figure 18. Experimental results of integrated OBC with proposed feed-forward control method in case the power of the battery-side is abruptly changed: (a) ibat is changed to 10 A from 4 A; (b) ibat is changed to 4 A from 10 A. 
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Table 1. Operation modes of the integrated OBC.
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Operation Modes

	
Operation of Power Relays




	
R1–3

	
R4–7






	
battery charging

	
off

	
on




	
starter generator driving

	
on

	
off
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Table 2. Comparison of element volumes in the HEV.
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Elements

	
Volume (L)




	
Separate

OBC and SGS

	
Integrated OBC






	
IGBT modules

	
0.59

	
0.29




	
gate drivers

	
0.26

	
0.13




	
grid filter inductors

	
0.19

	
0.19




	
DC-link capacitors

	
0.84

	
0.84




	
battery side capacitors

	
0.22

	
0.22




	
current sensors

	
0.22

	
0.11




	
heatsink

	
5.10

	
2.60




	
power relays

	
-

	
0.27




	
total

	
7.42

	
4.65
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Table 3. Simulation parameters.
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	Parameters
	Value





	single-phase grid source
	220 Vrms/60 Hz



	filter inductance
	4 mH



	grid resistive impedance
	0.19 Ω



	DC-link capacitance
	2000 μF



	single-winding inductance
	0.605 mH



	battery side capacitance
	610 μF



	load resistance
	20 Ω



	control period
	100 μs
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