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Abstract:

 This paper presents an indirect matrix converter (IMC) topology for hybrid electric vehicle (HEV) application with three-phase and single-phase outputs. The HEV includes mechanical, electrical, control, and electrochemical systems among others. In the mechanical system, a traction motor and a compressor motor are used to drive the HEV. The traction motor and the compressor motor are usually operated as three-phase and single-phase motors, respectively. In this respect, a dual AC-drive system can operate the traction and the compressor motor simultaneously. Furthermore, compared to a conventional dual matrix converter system, the proposed topology can reduce the number of switches that the dual outputs share with a DC-link. The application of this system for HEV has advantages, like long lifetime and reduced volume due to the lack of a DC-link. The proposed control strategy and modulation schemes ensure the sinusoidal input and output waveforms and bidirectional power transmission. The proposed system for the HEV application is verified by simulation and experiments.
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1. Introduction

In recent years, the problems regarding environmental pollution have become a significant issue. In response, researchers have made an effort to study green technologies for environmental conservation. Green technologies can help mitigate global warming and conserve energy resources. In this regard, interests and demands have increased for electric vehicles (EVs) and hybrid electric vehicles (HEVs) associated with green technologies [1]. EV and HEV comprise a multidisciplinary research field and have a complex structure because of the integration of mechanical, electrical, control, magnetic, and electrochemical systems. In the mechanical system, a traction motor and a compressor motor are used to drive the EV and HEV [2].

Some industrial systems require several variable-speed drives in a dual-drive configuration. In this regard, two three-phase voltage source inverters with a common DC-link are generally used for the dual-drive configuration; therefore, 12 additional switching devices are necessary. Dual AC-drive systems have been studied for special industrial applications such as electric vehicles, steel processing, and railway traction systems. However, the limitations of general dual AC-drive systems are that they require DC-link components or perhaps a phase shifting transformer. Moreover, the systems require additional switching devices. Among the DC-link components, the capacitor is bulky and has a short lifetime compared to other power electronics components. As a result, general dual AC-drive systems with two inverters and DC-link elements have disadvantages including as low efficiency, high volume and short lifetime [3,4,5,6,7].

AC/AC power conversion systems are widely used in traditional industry applications such as adjustable-speed motor drives, renewable energy conversion systems, and transmission uninterruptible power supplies [8,9,10]. One of the AC/AC power conversion systems, the indirect matrix converter (IMC), is structurally distinct from the direct matrix converter (DMC). However, the specifications of the IMC are very similar to the DMC [11]. The IMC consists of 18-bidirectional switches and includes a rectifier stage and an inverter stage that is connected to a fictitious DC-link, which does not include DC-link energy storage elements. Therefore, this structure of the IMC, similar to that of a back-to-back converter, eliminates the DC-link energy storage elements [12]. The main advantage of the IMC is the absence of bulky and short-lifetime DC-link energy storage elements such as capacitors. As a result, the IMC has reduced weight and volume. Furthermore, the IMC can have a simplified structure by decreasing the number of switches in the rectifier stage without a decline in performance. The resulting converters are designated as sparse matrix converters (SMCs) or very sparse matrix converters (VSMCs), which are composed of only 15 or 12 switches for bidirectional transfer of power in their simple form [13,14,15].

Using an IMC topology for the dual-drive configuration decreases the disadvantages of the general dual AC-drive systems with two inverters and DC-link elements. The IMC topology with dual outputs is composed of an input stage and two output stages with a pair of conventional three-leg inverters without DC-link energy storage elements [16,17,18]. Recently, in order to reduce the total cost and to save the space, a five-leg inverter has been used as a dual output inverters [19,20].

This paper presents a development of system for the HEV application with three-phase and single-phase outputs using the IMC. IMC without any DC-link capacitor, which is used for power conversion system for the HEV application, is able to control the three-phase traction motor and the single-phase compressor motor simultaneously. This power conversion system guarantees the long lifetime due to absence of the DC-link energy storage elements. Furthermore, through the parallel operation of the three-phase and single-phase outputs, the system for the HEV application has decreased its volume. Additionally, this paper presents an application oriented AC dual output based VSMC where the number of switches is also reduced in comparison with the traditional dual drive systems.

This paper is organized as follows: Section 2 presents the HEV application. Specifically, the HEV structure is presented, consisting of the traction motor and the compressor motor. Section 3 presents the topology of the dual-output drive system. In addition, the operational principles and the modulation strategies for the topology are introduced in Section 3. Simulation studies and experimental results for the three-phase and single-phase inductive loads are discussed in Section 4 and Section 5, respectively. The simulation and experimental results are provided to demonstrate that AC dual outputs are fed independently from the three-phase voltage source and to confirm the feasibility of the proposed methods. Finally, Section 6 discusses the conclusions of this paper.



2. The Hybrid Electric Vehicle Application


2.1. Structure of the Hybrid Electric Vehicle

The HEV has a complex structure because of the integration of various systems. The structure of the HEV is classified into five parts according to the function. They are the diesel engine, generator, power converter, motor and mechanical transmission, as shown in Figure 1. The generator of the HEV produces three-phase AC voltage from the diesel engine. The three-phase AC voltage is then converted for the operation of the motor through the power converter. In particular, the motor parts are very important components for driving the HEV system. The motor parts include traction and compressor motors, which are usually used as a three-phase motor and single-phase motor, respectively [21].

Figure 1. Structure of the hybrid electric vehicle classified into five basic parts.
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2.2. Traction Motor and Compressor Motor

The traction motor in the motor parts has a significant role in the overall performance because of its contribution to the electric propulsion system. Because the HEV system is also driven through the propulsion system, the traction motor is the heart of the HEV system. In recent times, research has been carried out to actively control the traction motor. Fundamentally, a method using a current source inverter is presented in [22] and a method based on the matrix converter (MC) is presented in [23]. Apart from these methods, various other methods for the drive and control of the traction motor have been studied.

The other component of the motor parts is the compressor motor. The main functions of the compressor in the HEV system are heating, ventilation, and air-conditioning [24]. Generally, the engine belt-driven compressor motor is used for these functions. However, the electrically driven compressor has the advantages of being adjusted irrespective of the engine speed and less leakage of refrigerant into atmosphere because of the elimination of the rotating seals.



2.3. Integrated Traction and Compressor Drive System

In order to operate the traction motor and compressor motor simultaneously, an integrated traction and compressor drive system is studied. Figure 2 shows a conventional traction and compressor motor drive system using two separate inverters [25]. Through a further study, when the traction motor is a three-phase motor and the compressor motor is a two-phase motor, a five-legged inverter is used to control the integrated traction and compressor drive system. The system proposed in [26] reduces the compressor drive cost by an additional inverter. However, the integrated system has the disadvantages of having short lifetime and large volume because it includes a capacitor. Moreover, the system has more switches for the additional inverter stage. In order to eliminate these disadvantages, the IMC topology with three-phase and single-phase outputs is presented in this paper for the HEV application.

Figure 2. Conventional traction and compressor motor drive system using two separate inverters.
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3. Topology and Modulation Strategies of the Dual Output Drive System for Hybrid Electric Vehicle Application


3.1. Indirect Matrix Converter Topology

In general, the IMC is a two-stage AC/AC power converter and is composed of a current source rectifier on the input side and a voltage source inverter on the output side. Because it does not have a DC-link energy storage element, the rectifier stage and the inverter stage are directly connected through the fictitious DC-link. Additionally, according to several studies, the number of switches in the current source rectifier stage in the IMC is reduced. This new topology of the IMC with the reduced number of switches is called the SMC. Moreover, the VSMC eliminates more switches in the rectifier stage compared to the SMC. The SMC and the VSMC are functionally equivalent to the IMC; however, they are characterized by a lower realization effort and a lower control complexity. A circuit configuration of the VSMC is shown in Figure 3. The VSMC is composed of 12 IGBTs and 30 diodes.

Figure 3. Topology of the very sparse matrix converter.
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3.2. Proposed Dual Output Drive System Topology for the Hybrid Electric Vehicle Application

This paper presents a dual output drive system based on the VSMC. The proposed topology consists of a current source rectifier connected to a four-legged inverter stage via a fictitious DC-link without any storage elements. In this topology, the current source rectifier stage located in the input stage is shared by two loads, including a three-phase load and a single-phase load.

Figure 4 shows the proposed dual-output drive system topology, with a VSMC with 14 switches. The rectifier stage has six switches each having four diodes and is arranged as a front-end current source rectifier. The other eight switches in the inverter stage have antiparallel diodes for forming a rear-end voltage source inverter. Furthermore, in this topology, a three-phase grid and an inductor-capacitor filter are located in the input stage. Last, the dual outputs are located in the output stage, supplying the three-phase load and the single-phase load.

Figure 4. Proposed dual output drive system based on VSMC for hybrid electric vehicle application.
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In this topology, a four-legged inverter is used as a power converter, that’s why two loads have to share the common leg C. According to this strategy, the proposed topology can reduce two power switches in the inverter stage compared to the conventional dual output IMC topology on the basis of the parallel connection of the legs.



3.3. Modulation Strategy of the Rectifier Stage

In this topology, the modulation strategy of the rectifier stage is as same as the conventional modulation methods of the rectifier stage in the IMC. The purpose of the modulation in the rectifier stage is to produce maximum voltage in the DC-link. Furthermore, modulation is required for the maintenance of the sinusoidal input current and the unity input power factor. The rectifier stage synthesizes a positive voltage of the DC-link by selecting a switching state. It is usually operated with the upper and lower switches being ON at all instants. The corresponding active duty cycles (dx, dy) for the rectifier stage can be determined by the input phase currents and the corresponding input voltages, which are expressed as.
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(1)




where mi is the modulation index of the rectifier stage and θi is the phase angle of the input current. These duty cycles directly drive the rectifier stage.
Additionally, the fictitious DC-link voltage (VDC) is time-varying with its normalized local average value over a fundamental period, which is calculated by
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(2)




where Vi is the amplitude of the input phase voltage and φ is an angle between the input voltage and the input current, that is, the input power factor angle.


3.4. Modulation Strategy of the Four-Leg Inverter Stage

A conventional space vector pulse width modulation (PWM) method using offset voltage Voff is used to drive the four-leg inverter stage in order to control the three-phase load and the single-phase load. Assuming that the three-phase references are represented by VA(1)*, VB(1)*, and VC(1)*, and the single-phase references are represented by VC(2)* and VD(2)*, the modulation references VA(1), VB(1), VC(1), VC(2), and VD(2) of the space vector PWM are calculated as in Equations (3) and (4). In these modulation references, the number 1 in the parentheses means load 1 (three-phase load), and the number 2 in parentheses means load 2 (single-phase load). Using the equations of the modulation references, the inverter stage in the proposed dual output drive system is modulated.
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(3)
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(4)




where Voff = −0.5max(VA(1)*, VB(1)*, VC(1)*) + 0.5min(VA(1)*, VB(1)*, VC(1)*).
Figure 5 shows the switching state of the inverter stage considering only the three-phase and single-phase loads. However, because the three-phase and single-phase loads share the common leg C, as in the output stage of Figure 4, the duty cycle of the switches of phase C influences the two loads simultaneously. Therefore, in order to synchronize the modulation references VC(1) and VC(2), they must be adjusted. These modulation references can be implemented by changing the zero vectors of the two loads, while maintaining the active vectors as they are. According to this method, the on-time of the switches in one sampling period is determined as

Figure 5. Switching state of the inverter stage: (a) considering only the three-phase load; (b) considering only the single-phase load.
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This strategy means combining the zero vectors in the three-phase and single-phase loads because they share the common leg C. That is, the switching on-time of the zero vector considering only the single-phase load as in Figure 5b is added to the switching on-time of the zero vector considering only the three-phase load as in Figure 5a. From another viewpoint, the switching on-time of the zero vector as in Figure 5a is added to the switching on-time as in Figure 5b.



Thus, Figure 6 shows the switching state of the inverter stage considering the dual outputs, both the three-phase load and single-phase load. Furthermore, the inverter stage employs a double-sided switching sequence, but with asymmetrical halves because each half should be applied to a rectifier stage switching sequence.

Figure 6. Switching state of the inverter stage considering the three-phase output and single-phase output.
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The combination of the switching patterns of the rectifier stage and the inverter stage for the dual outputs is shown in Figure 7. The inverter stage is switched both into the free-wheeling operation and the rectifier stage, and then, it is commutated at the zero DC-link current. It can also be seen that the inverter stage switching frequency is two times the rectifier stage switching frequency.

Figure 7. Combination of the switching pattern for the dual outputs in the proposed system.
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4. Simulation Results

In order to demonstrate the performance of the proposed dual output drive system for the HEV application, a comprehensive simulation study was performed using the PSIM simulation. The performance of the system based on the VSMC has been tested using the three-phase input stage, input filter, VSMC and the two output stages as in Figure 4. The three-phase input stage and the input filter are composed of a three-phase voltage source and an inductor-capacitor filter, respectively. The two output stages are composed of a three-phase resistor-inductor load and a single-phase resistor-inductor load.

The simulation parameters indicated in Figure 4 are shown in Table 1. In this regard, Vin of the three-phase input stage means the line-to-line voltage. Additionally, the parameters of the input filter were considered as Lf = 2 mH with the resistor Rf = 0.1 Ω added for damping, and Cf = 7 μF for filtering. These values were not optimized, however, they were rather chosen from the values available in the laboratory.


Table 1. System parameters.



	

	
Classification

	
Value






	
Input parameters

	
3-phase input stage

	
Vin = 220 Vrms, fin = 60 Hz




	
Input filter

	
Lf = 2 mH, Cf = 7 μF




	
Output parameters

	
3-phase output stage

	
Rload1 = 10 Ω, Lload1 = 5 mH




	
1-phase output stage

	
Rload2 = 14 Ω, Lload2 = 2 mH











As mentioned in according to Section 3, the SVPWM is used to modulate the dual output drive system based on the VSMC. In addition, the switching frequency of the VSMC is set to be 10 kHz. In order to perform a closed loop control of the dual output drive system, the vector control strategy is used to control the two loads.

Figure 8 shows the simulation results of the proposed dual output drive system. In detail, Figure 8a shows the three-phase input line-to-line voltages, which are required for the operation of the proposed dual output drive system. The three-phase input voltage source was specified for the simulation verification as 220 Vrms/60 Hz. Figure 8b shows the DC-link voltage provided by the rectifier stage.

Figure 8. Simulation results of the proposed dual output drive system: (a) three-phase input line-to-line voltages; (b) DC-link voltage.
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Figure 9 and Figure 10 show the dynamic responses of the three-phase load and the single-phase load. Figure 9a,b show the output line-to-line voltage and the three-phase output currents, respectively, in the three-phase load. The reference current of the three-phase load changed from 5 A/30 Hz to 10 A/60 Hz at 0.2 s. Similarly, Figure 10a,b show the output line-to-line voltage and the single-phase output current, respectively, in the single-phase load. The reference current of the single-phase load changed from 2 A/30 Hz to 5 A/60 Hz at 0.2 s. Figure 9b and Figure 10b show that the currents follow their reference values.

Figure 9. Simulation results of dynamic response for the three-phase load: (a) output line-to-line voltage; (b) three-phase output currents.
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Figure 10. Simulation results of dynamic response for the single-phase load: (a) output line-to-line voltage; (b) single-phase output current.



[image: Energies 08 03849 g010 1024]









Figure 11 shows the dynamic response of the currents for the dual outputs. In detail, Figure 11a,b show the three-phase output currents and the single-phase output current, respectively. The reference current of the three-phase load changed from 5 A/30 Hz to 10 A/30 Hz at 0.2 s, while the reference current of the single-phase load was maintained constant at 2 A/30 Hz. At 0.3 s, the reference current of the single-phase load changed from 2 A/30 Hz to 5 A/60 Hz, and the frequency of the reference current for the three-phase load increased from 30 Hz to 60 Hz. Finally, at 0.4 s, the reference currents of the three-phase and the single-phase loads changed from 10 A/60 Hz to 5 A/30 Hz, and from 5 A/60 Hz to 2 A/30 Hz, respectively. From these simulation results, it is concluded that the control of the dual output drive system works well with the VSMC in the proposed modulation method.

Figure 11. Simulation results of dynamic response: (a) output currents in the three-phase load; (b) output current in the single-phase load.
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5. Experimental Results

In order to demonstrate the proposed dual output drive system and the simulation results, an experiment was conducted in the laboratory. The experimental parameters were identical with the system parameters shown in Table 1.

Figure 12 shows the experimental set, including the control board and power board. Figure 12a shows the control board, which is TMS320C28346 digital signal processor (DSP) board with an FPGA. The proposed modulation strategy is programmed on the DSP board. Figure 12b shows the power board of the conventional SMC composed of the inverter stage and rectifier stage. Finally, the power board of the proposed topology having the dual outputs is shown in Figure 12c. It is designed by installing an additional leg to the conventional SMC. The proposed algorithm was applied in order to verify the performance of this topology as shown in Figure 13.

Figure 12. Experimental set: (a) control board; (b) power board of the conventional SMC; (c) power board of the proposed topology.
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Figure 13. Block diagram of the experimental set.
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Figure 14 shows the experimental waveform of the three-phase input line-to-line voltages and the DC-link voltage provided by the rectifier stage. In this case, the three-phase input line-to-line voltages provided by the voltage source of the rectifier stage are 220 Vrms.

Figure 14. Experimental waveforms of the three-phase input line-to-line voltages and the DC-link voltage.
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Figure 15 shows the output line-to-line voltage and the output currents for the three-phase load. The reference current of the three-phase load changed from 5 A/30 Hz to 10 A/60 Hz. When the reference current of the three-phase load was changed, the value of the output line-to-line voltage was retained in spite of the variation of the reference current; only the frequency changed.

Figure 15. Experimental waveforms of the output line-to-line voltage and the output currents for the three-phase load.
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Figure 16 shows the output line-to-line voltage and the output current for the single-phase load. The reference current of the single-phase load changed from 2 A/30 Hz to 5 A/60 Hz. In common with the three-phase load, although the reference current of the single-phase load was changed, the value of the output line-to-line voltage was retained.

Figure 16. Experimental waveforms of the output line-to-line voltage and the output current for the single-phase load.
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Figure 17 shows the output currents with the dual outputs. The output reference current of the three-phase load changed from 5 A/30 Hz to 10 A/60 Hz. Furthermore, the output reference frequency of the single-phase load changed from 30 Hz to 60 Hz while the reference current of the single-phase load was maintained at 5 A. Figure 18 shows the experimental results with variations of the output reference frequency and current for both the three-phase output and single-phase output. Waveforms related to the variations of the references are shown in Figure 19, Figure 20 and Figure 21. That is, each waveform is magnified for each of the variation of the references.

Figure 17. Experimental waveforms of the output currents with the dual outputs.
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Figure 18. Experimental waveforms of the three-phase and single-phase output currents, controlled by the independent references.
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Figure 19. Experimental waveforms magnified for the first variation of the references.
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Figure 20. Experimental waveforms magnified for the second variation of the references.
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Figure 21. Experimental waveforms magnified for the third variation of the references.
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Figure 19 shows the magnified waveforms of the output currents with the dual outputs. The reference current of the three-phase load changed from 5 A/30 Hz to 10 A/30 Hz. However, the reference current of the single-phase load was maintained at 2 A/30 Hz.



Figure 20 shows the magnified waveforms for the second variation of the references. The reference current of the three-phase load changed from 10 A/30 Hz to 5 A/60 Hz. In addition, the reference current of the single-phase load changed from 2 A/30 Hz to 5 A/60 Hz.



Figure 21 shows the magnified waveforms of the third variation of the references. The reference current of the three-phase load changed from 5 A/60 Hz to 5 A/30 Hz, and the reference current of the single-phase load changed from 5 A/60 Hz to 2 A/30 Hz. According to the experimental results shown in Figure 18, it is demonstrated that the three-phase output current and the single-phase output current are controlled using individual references. In other words, the three-phase load and the single-phase load are controlled independently.





6. Conclusions

The proposed IMC for the HEV application with three-phase and single-phase outputs is presented. Additionally, the topology and the modulation strategies in order to control the three-phase and the single-phase loads with vector control are presented. This proposed system is highly potential for various applications where load and converter redundancy may be required to improve availability. This type of multi-drive system can be used in many industrial and aerospace applications. In particular, this system can be used in the HEV application. In this regard, the three-phase load and the single-phase load can be applied the traction motor and the compressor motor in the HEV application. The application of this system as a power conversion system for the HEV has crucial advantages. Because the IMC has no energy storage elements such as capacitors in the DC-link, the system guarantees a long lifetime. Furthermore, through the parallel operation of the dual outputs, the volume of the system is decreased. The performance of the topology and its control method is demonstrated by simulation and experimental results. The three-phase output current and the single-phase output current are controlled using independent references.
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