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For PV applications, many studies focus on maximum power extraction without evaluating losses in the conversion chain. In this research, a comparison between 3 grid-connected converters will be conducted. The 3 topologies boost-inverter, inverter-transformer and boost inverter structures will be studied especially in the point of view of losses. This comparison is intended to observe the performance of each structure in the function of the delivered power. Although each structure has its own feature in terms of galvanic isolation and geometric size, it is interesting to compare the losses and efficiency of each structure in order to select the appropriate application. The circuit model is simulated using PSIM software which already includes the thermal module to estimate the switching and conduction losses of power switches. The source of each topology is photovoltaic modules and the control of the circuits include the MPPT feature to absorb the optimum power from the PV modules.

1. INTRODUCTION Grid connected photovoltaic system right now has become more and more utilized in power system due the fact that the price is becoming low and competitive compared to the other power plants. But since the produced power is in low DC voltage form, it is then important to put low DC to high AC voltage power converters. Many publications focus on maximum energy recovery via a MPPT for example, but few focus on the efficiency of the conversion chain, including the study of losses in the various components of the conversion topology. This is precisely the purpose of this paper. There are several structures that are normally used for this purpose.

For residential applications with relatively low power (<20 kW), the objective is to connect a photovoltaic panel to the three-phase grid, so direct solutions are distinguished from those using a transformer.

For direct applications we can use a DC-DC cascade converter with a three-phase inverter connected to the grid or a direct conversion using the 3-phase boost inverter. For applications using a transformer it is possible to define a low frequency conversion directly connected to the grid or high frequency followed by a rectifier and a three-phase inverter connected to the grid.

All these solutions are characterized by different losses depending on the converted power rate.

What are the advantages and disadvantages among those solution, it is interesting to know. This research tries to compare between 3 structures, i.e. cascade boost converter followed by 3-phase inverter, 3-phase inverter followed by low frequency transformer, and direct connection using 3-phase boost inverter.

ABOUT LOSSES CALCULATION IN IGBT

For static conversion the main losses are in static converters. It is interesting to recall here the details of the calculation of losses in an IGBT during its operation. For the rest of the work we use the following component: Dual IGBTs Powerex CM600DU-24F.

Power dissipation loss calculation

This section explains the simplified method of calculating energy dissipation for IGBT modules. It is used to calculate the power dissipation for various operating conditions with different IGBT modules. It is based on the Fuji Electric note [Fuji]. The IGBT module consists of several IGBT dies and FW Diode dies. The sum of the power losses of these matrices is equal to the total power loss of the module. The power loss can be classified as an on-state loss or switching loss. A diagram of the power loss factors is shown below in Fig 1 . It shows the different losses in the transistor and diode that combine to provide the total losses. The on-state power losses of the IGBT and FW Diode elements can be calculated using the output characteristics, and the switching losses can be calculated from the switching loss characteristics as a function of the collector current on the data sheet. Use these power loss calculations to design an appropriate cooling system to keep the junction temperature Tj below the maximum nominal value. The values of switching voltage and switching loss at standard junction temperature (Tj=150°C) are as follows recommended for the calculation. 

Thermal Module

Thermal Module [Powersim] is the element to calculate the loss of power semiconductor devices in PSIM. Using thermal module, it is possible to calculate the loss of converter quickly and accurately based on the datasheets of diodes, IGBTs. The simulation schematic using thermal modules generates the values of semiconductor loss, conduction loss and switching loss [Takao]. A device database editor is provided to allow users to add new devices to the database and to manage the database easily and then can be used in the simulation for the loss calculation. The following illustrates the process of how a device in the database is used in the simulation and how the losses are calculated:

-The behavior model of the device is used in the simulation.

The behavior model takes into account the static characteristics of the device (such as conduction voltage drop, on-state resistance, etc.), but not the dynamic characteristics (such as turn-on and turn-off transients). -Based on the voltage, current, and junction temperature values from the simulation, PSIM accesses the device database and calculates the conduction losses or switching losses. The static characteristics of the device are updated for the next simulation. Note that the loss calculation is only an approximation, and the accuracy of the results depends on the accuracy of the device data as well as the proper scaling of the results from the device test condition to the actual circuit operating conditions.

FIRST TOPOLOGY: CASCADED BOOST CONVERTER -3-PHASE INVERTER

The circuit simulation in Fig. 2 is run on PSIM of photovoltaic producing 15 to 25 kW of power, delivered to the grid through the boost converter and 3-phase inverter. The photovoltaic cell is formed by series and parallel of cell array, resulting of total I-V characteristic shown in Fig. 3. Note that this characteristic is made under the assumption that the PV module is irradiated by uniform sun radiation.

The knee voltage of the photovoltaic under various radiation is around 200 V therefore the boost converter performs the step up voltage from around 200 V to 600 V with MPPT feature. The MPPT algorithm is the perturb and observe (P&O), trying to search the maximum power absorbed from the photovoltaic module. The power delivered by the PV is varied from around 10 kW to around 25 kW with 2.5 kW step, to see the losses difference between these power ratings. The parameters used in the simulation are based on the industrial data sheet for capacitor products listed in [Kemet]. Following this datasheet, the parameters are : Cin = 6800 uF / 385 V RESR_1= 8 mΩ To simulate the real inductors in the Boost converter block, the 26 uH high current type listed in [West] are used, and the series parallel combination is also used to satisfy the current rating and to achieve total 494 uH, thus the total DC resistance reaches 20.9 mΩ. This total inductance ensures continuous conduction mode for the boost converter. Fig. 4 shows the boost converter's inductor circuit for the simulation. Dual IGBT Powerex CM600DU-24F is selected for both the boost converter block and the inverter block, since not only it is appropriate to the required rating, the product datasheet for this product is better modelled in this simulation which includes the diode's reverse recovery time. The characteristic of the IGBT and its parallel diode concerning the component losses can be shown in Fig. 6. The switching frequency in the boost converter and the inverter is set to 10 kHz.The result of the simulation can be shown in Fig. 7. It shows the increasing power due to the increasing radiation occured on the surface of the PV modules. The diffference between input and output power is the losses happen in the circuit. The average input and output power can be listed in Table 1. And the distribution of the losses can be observed in Table 2.From Table 1, it can be observed that the efficiency of the circuit does not change much with the input power. A 30 kVA 208/480 transformer parameters [Mayer] can be shown in Table 3. The core-losses of the transformer is added to the transformer losses where, from the datasheet, the core losses is 69 Watt.

The current waveforms and the instantaneous power can be observed in Fig. 9.

The resulted efficiency of this topology can be shown in Table 4. Here, it can be seen that the conversion efficiency is decreasing with the input power but not significantly.

The losses distribution can be observed in Table 5. Table 5.a shows that the transformer losses dominate the other losses around 40% to 60% with the increasing of input power. It can be also seen that in this topology, the conduction losses in the power switches dominates the switching losses. It is due to higher current utilization in the inverter part. Both switching and conduction losses portion is decreasing with the input power.

Figure 9. The output current waveforms (upper) and input and output instantaneous power (lower) 

THIRD TOPOLOGY: 3-PHASE BOOST INVERTER

The 3-phase boost inverter can be depicted in Fig. 10. The 3phase boost inverter is able to produce directly the higher ac voltage from low dc voltage. It is formed by combining 3 boost converter and controlling the phase-to-phase output voltage to have sinusoidal waveforms. The parameters used in this circuit can be shown in Table 6.Since the 3 boost converters are nonlinear, and they work in a large range of operating point, the linear control cannot be applied. Instead, the hybrid control technique is used in this case, and the resulted current waveform can be seen in Fig. 11.

The resulted input and output power followed by the efficiency can be seen in Table 7. The overall efficiency has a tendance to increase with the input power, but not significantly. The distribution of losses of this structure is provided in Table 8. It can be observed in Table 8.a that switching losses dominate the other losses. 
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CONCLUSION AND DISCUSSION

By observing the resulted efficiency for each converter structure as the function of input power, it is possible to compare these results. Table 9 shows the comparison between efficiency of the 3 topologies and Fig. 12 shows it in the form of graphic. For the cascaded boost-inverter topology, the overall efficiency does not change much with the input power, and there is a tendance that the efficiency is increasing with the input power. The second topology, inverter-transformer, the efficiency decrease with the input power but also not significantly. From the graphic, it can be seen that in lower power sun radiation, the inverter -transformer topology gives better efficiency, but in higher radiation, the cascaded boostinverter gives better performance. However, the second topology has isolation feature since there is a transformer installed.

Figure 12. Efficiency vs Input Power for each topology As the third topology, i.e. direct boost inverter, the efficiency increase with the input power and overall efficiency is lower than the other two topologies. This is due to the high switching frequency occured in the power switches while handling also high currents. Therefore, if talking about the performance of converters, the third topology does not comply. But, for the high MW plants where it is not possible to use boost converters, the third topology offers reduced geometric size as less switches are used and no bulky low frequency transformer is needed.

ACKNOWLEDGMENT

The authors would like to thank the Ministry of Europe and Foreign Affairs for their support through the PHC NUSANTARA 2018 program. This support (Project no. 41190WM) made it possible to connect the Bandung ITB to the LAPLACE Laboratory to conduct research in the field of renewable energy.

Fig. 1 .

 1 Fig. 1. Diagram of the power loss factors

Figure 2 .

 2 Figure 2. Structure Boost converter -3-phase inverterThe 3-phase inverter is directly connected to the grid through series resistance -line inductance. The inverter is run as the current source where the current references are produced from the calculation block utilizing the grid voltage.
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  Figure 3.a. I-V characteristic of PV array
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 45 Figure 4. The circuit model of boost converter's inductor used in the simulation The parameters for the inductor are: Lp_b = 988 uH rp_L = 20.9 mΩ

Figure 6

 6 Figure 6.a. VCE(sat) as the function of collector current Ic Figure 6.b. Drop voltage in the transistor's parallel diode as the function of diode's forward current IF

Figure 7 .

 7 Figure 7. The output current waveforms (upper) and input and output instantaneous power (lower)

Figure 8 .

 8 Figure 8. Structure 3-phase inverter -transformer (low frequency)

Figure 10 .

 10 Figure 10. Structure 3-phase boost inverter

Table 1 . Average input and output power and the efficiency

 1 

		Average power	
			(Watt)	Efficiency
		Input	Output	
	1	9.916	9.226	93,04%
	2	12.354	11.498	93,08%
	3	14.807	13.786	93,10%
	4	17.222	16.027	93,06%
	5	19.643	18.409	93,71%
	6	22.043	20.657	93,71%
	7	24.468	22.921	93,68%

Table 2 .a. General distribution of losses in cascade boost converter -inverter topology Input Power (Watt) 9.916 12.354 14.807 17.222 19.643 22.043 24.468 Boost converter block Input capacitor loss(%) 0,1 0,1 0,1 0,0 0,0 0,0 0,0

 2 

		Inductor loss (%)	3,9	4,7	5,6	6,4	7,9	8,9	9,7
		Switching loss (%)	29,7	28,9	28,2	27,4	29,7	29,2	28,6
		Conducti							
		on loss	10,7	10,8	10,9	11,1	12,5	12,7	12,9
		(%)							
		DC link							
	Inverter block	capacitor loss (%) Switching loss (%) Conducti on loss	1,0 45,4 9,2	1,2 44,8 9,5	1,5 44,1 9,7	1,7 43,7 9,8	2,1 47,8 10,9	2,3 47,0 11,1	2,5 46,2 11,1
		(%)							
		Total							
		losses	690	855	1.022	1.195	1.235	1.386	1.547
		(Watt)							

Table 2

 2 From Table2.a, the switching losses are dominant not only in the boost converter block (around 30% of total losses) but also in the inverter block (around 45% of total losses). The passive components include the inductors and capacitors, while the active components consist of the IGBT and diodes. From Table2.b., the majority of losses are caused by the active components by around 90% and it has a tendance of decreasing by input power.

.b. shows the distribution of losses according to the active and passive components.

Table 2 .b. Classification of losses dissipated by active and passive components in cascaded boost converter -inverter topology

 2 

	Input	Active Component Loss Passive Component Loss
	Power	Watt	%	Watt	%
	(Watt)				
	9,916	656.28	95.0%	34.21	5.0%
	12,354	803.69	94.0%	51.45	6.0%
	14,807	948.90	92.9%	72.58	7.1%
	17,222	1098.30	91.9%	96.76	8.1%
	19,643	1245.21	90.9%	124.16	9.1%
	22,043	1384.09	89.9%	155.33	10.1%
	24,468	1529.01	88.9%	190.61	11.1%

Table 3 . Parameters of the transformer

 3 

	Rp = 22.488 mΩ	Ls = 381.4 uH
	Rs = 119.761 mΩ	Lm = 500 mH
	Lp = 71.62 uH	Np/Ns = 1/2
	Where	
	Rp : the primary resistance	
	Rs : the secondary resistance	
	Lp : leakage in the primary winding
	Ls : leakage in the secondary winding
	Lm : magnetizing	

Table 4 . Input and output average power and the conversion efficiency in inverter-transformer topology

 4 

	No	Average power (Watt) Input Output	Efficiency
	1	9,916	9,401	94.81%
	2	12,353	11,672	94.49%
	3	14,807	13,936	94.12%
	4	17,222	16,150	93.78%
	5	19,643	18,353	93.43%
	6	22,042	20,520	93.09%
	7	24,467	22,698	92.77%

Table 5 .a. General distribution of losses in inverter - transformer topology

 5 

			DC			
	Input		link			Total
	Power	Transfomer	cap	Switching	Conduction	losses
	(Watt)	loss	loss	loss	loss	(Watt)
	9.916	50.62%	0.82%	21.70%	26.86%	514.5
	12,353	53.09%	0.94%	20.20%	25.77%	681.0
	14,807	55.48%	1.02%	24.63%	18.87%	871.4

Table 5 .

 5 b shows the classification of losses by active and passive components. Transformer, inductors and capacitors are classified as the passive components, while IGBTs and diodes are active components. In table 5.b it can be observed that the passive component's losses are more significant compared to the active components.

Table 5 .b. Classification of losses dissipated by active and passive components in inverter -transformer topology Input Power (Watt) Active Component Loss Passive Component Loss

 5 

		Watt	%	Watt	%
	9,916	249.82	48.6%	264.66	51.4%
	12,353	313.08	46.0%	367.95	54.0%
	14,807	379.04	43.5%	492.33	56.5%
	17,222	436.89	40.8%	634.83	59.2%
	19,643	496.05	38.5%	793.67	61.5%
	22,042	554.72	36.4%	968.24	63.6%
	24,467	604.24	34.2%	1164.87	65.8%

Table 6 . 3-Phase Boost Inverter's Parameters

 6 

	No	Components	Value
	1	Input Capacitor, Cin	Parallel 2x6800 uF /385V
	2	ESR for Cin, RESR_1	8 mΩ
	3	Boost inductors, Lb	104 μH
	4	Series resistance for Lb, rL	2.2 mΩ
	5	Output capacitor, Co	Series 2x100 uF/700 V
	6	ESR for Co, RESR_2	6 mΩ

Table 7 .

 7 Input and output power and the efficiency

Average power (Watt)

  

		Input	Output	Efficiency
	1	9,913.17	8,815.2	88.92%
	2	12,350.54	10,991.1	88.99%
	3	14,803.93	13,209.8	89.23%
	4	17,215.94	15,389.2	89.39%
	5	19,636.38	17,582.3	89.54%
	6	22,040.30	19,754.0	89.63%
	7	24,468.34	21,947.2	89.70%

Table 8 .a. General distribution of losses in boost inverter topology

 8 

	Input Power (Watt)	Inductor loss (Watt)	Input capacitor loss	Switching loss	Conduction loss	Output capacitor loss	Total Losses (Watt)
	9,913.17	0.81%	0.37%	90.61%	8.01%	0,20%	1098,0
	12,350.54	0.97%	0.30%	90.22%	8.26%	0,25%	1359,4
	14,803.93	1.19%	0.29%	89.41%	8.77%	0,34%	1594,1
	17,215.94	1.39%	0.25%	88.74%	9.19%	0,43%	1826,7
	19,636.38	1.62%	0.23%	87.98%	9.64%	0,53%	2054,1
	22,040.30	1.87%	0.25%	87.18%	10.04%	0,66%	2286,3
	24,468.34	2.13%	0.24%	86.30%	10.52%	0,80%	2521,1

Table 8 .b. Classification of losses dissipated by active and passive component in boost inverter topology

 8 

	Input	Active Component Loss Passive Component Loss
	Power (Watt)	Watt	%	Watt	%
	9,913.17	1,082.88	98.6%	15.14	1.4%
	12,350.5	1,338.73	98.5%	20.66	1.5%
	14,803.9	1,565.10	98.2%	29.00	1.8%
	17,215.9	1,788.98	97.9%	37.70	2.1%
	19,636.3	2,005.28	97.6%	48.84	2.4%
	22,040.3	2,222.70	97.2%	63.62	2.8%
	24,468.3	2,441.12	96.8%	79.99	3.2%

Table 8 .

 8 b. shows the active and passive component losses, and it confirms that more than 95% of the total losses is active componen losses.

Table 9 . The comparison of efficiency of each topology

 9 

	Averaged		Efficiency	
	Input Power	Boost and	Inverter-	Boost
	(Watt)	Inverter	transformer	inverter
	9,914.6	93.04%	95.51%	86.41%
	12,352.4	93.08%	95.05%	86.50%
	14,806.0	93.10%		86.32%
	17,220.1	93.06%	94.18%	85.80%
	19,640.4	93.71%	93.79%	85.13%
	22,038.0	93.71%	93.40%	84.31%
	24,459.1	93.68%	93.05%	83.41%