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Abstract. 
One of the emerging research topics in the propulsion drive of the electric vehicles is the improvement in the efficiency of its component parts, namely, the propulsion motor and the associated inverter. This paper is focused on the efficiency of the inverter and analyzes the improvement that follows from the replacement of the silicon (Si) IGBT devices with silicon carbide (SiC) MOSFETs. To this end, the paper starts by deriving the voltage-current solicitations of the inverter over the working torque-speed plane of the propulsion motor. Then, a proper model of the power losses in the inverter over a supply period of the motor is formulated for the two types of device, including the integrated freewheeling diode. By putting together the voltage-current solicitations and the device power losses, the efficiency maps of the Si IGBT and SiC MOSFET inverters are calculated and compared over the torque-speed plane. The results for the Si IGBT inverter are supported by measurements executed on a marketed C-segment compact electric car, while the SiC MOSFET loss model is validated by an on-purpose built test bench. Finally, the overall efficiency of the propulsion drive is calculated by accounting for the motor efficiency. Main outcomes of the paper is a quantitative evaluation of both the improvement in the efficiency achievable with the SiC MOSFETs and the ensuing increase in the electric car range. 



1. Introduction
It is well known that the main drawbacks of today’s electric vehicles (EVs) are the limited range and the long recharging time of the batteries. Thus, it follows naturally to make the best usage of the energy stored in the on-board EV battery pack. A way to reach this objective is improving the efficiency of the propulsion drive, in particular of its two key component parts: inverter and motor, since much of the energy consumed by EVs flows through them [1–4].
Recent advancements in wide bandgap (WBG) devices fabrication, especially for the silicon carbide (SiC) devices, have led to the development of high-voltage power transistors with short switching time and low conduction resistance [5, 6]. Consequently, appreciable improvement in the propulsion inverter efficiency is expected if built up with SiC devices, such as the SiC MOSFETs, instead of with silicon (Si) IGBTs, owing to the reduction of both switching and conduction losses [7–11].
Most of the existing literature deals with propulsion inverters that utilize Si IGBTs. Recently, a few papers have investigated the efficiency of SiC MOSFET inverters [12, 13]. By expanding their investigation, this paper provides the efficiency map of a SiC MOSFET inverter over the working torque-speed plane of a propulsion motor. For the latter one, a permanent magnet synchronous motor is selected because of its large use in today’s EVs. The same investigation is accomplished for a Si IGBT inverter for comparison purposes. The efficiency is calculated in two steps: by deriving the amplitude of the inverter current-voltage solicitations for given values of motor torque and speed and by arranging a suitable model for the losses in Si IGBTs, SiC MOSFETs, and freewheeling diodes. Calculation of the efficiency maps of the two types of inverter as well as their comparison has been carried out in the MATLAB environment.
In detail, the paper is organized as follows. Section 2 shortly goes through the SiC devices. Section 3 derives the expressions of the inverter current-voltage solicitations over the working torque-speed plane of the propulsion motor. Section 4 formulates the loss models for Si IGBTs, SiC MOSFETs, and freewheeling diodes over a supply period of the motor. Section 5 introduces a study case, represented by a marketed C-segment compact car, and gives the characteristics of its battery pack and propulsion motor. Section 6 calculates the efficiency maps of the Si IGBT and SiC MOSFET inverters; then it goes up to the efficiency of the propulsion drives and estimates the range extension attained with the SiC MOSFET inverter. Section 7 analyzes the effect of a higher junction temperature on the efficiency of the propulsion drive. Section 8 supports the efficiency map calculated for the propulsion drive with the Si IGBT inverter by experimental data. Section 9 concludes the paper. Appendix describes the experimental activities performed to validate the loss model of the SiC MOSFETs.
2. SiC Devices
Devices based on WBG semiconductors, in particular on SiC, went through tremendous progress in the last years. They are promising very much in reducing the losses of the power converters and shrinking their dimensions. Indeed, the high breakdown electric field of the SiC devices allows for thinner and highly doped depletion layer, which reduces their on-state resistance. Besides, the high saturation velocity of the free charges in the SiC devices allows for a short recombination time, which promotes a significant increase in their switching frequency. Moreover, SiC can operate at higher junction temperatures than Si and has higher thermal conductivity and lower coefficient of thermal expansion so that packaging of the SiC power devices is reliable over a wide temperature range. Furthermore, in recent times, the price of the SiC devices has dropped markedly so that they are more and more competitive with respect to the conventional Si devices. A cross examination of the main characteristics of Si and SiC devices is reported in [5–11].
3. Inverter Current-Voltage Solicitation
This paper refers to a three-phase PM synchronous motor (PMSM) for the EV propulsion. The motor is supplied by a voltage source inverter (VSI) made of six switches with freewheeling diodes. A schematic diagram of the propulsion drive is shown in Figure 1, where  is the voltage of the battery pack. Each motor phase is represented by its resistance , inductance , and sinusoidal back-emf ,  being the generic motor phase . Since the voltage drop across  is usually much smaller than across , the phase resistances are hereafter disregarded.




	
	
		
			
				
					
				
					
				
			
		
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
				
					
				
					
				
			
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: Propulsion drive diagram.


Let the inverter be commanded with the Space Vector Modulation (SVM) technique and the motor phase currents be kept sinusoidal in any working conditions, apart from the small ripple produced by the modulation. Then, the maximum magnitude of the phase voltage peak at the inverter output isand the general expression of the magnitudes of the motor phase voltages in the synchronously rotating coordinates  is where  is the back-emf magnitude,  is the angular speed of the motor in electrical radians,  and  are the magnitudes of the current components in quadrature and in phase with the back-emf space phasor,  and  are the  axis inductances,  is the motor constant, and  is the number of pole pairs of the motor.
When the motor speed is below the nominal one,  is lower than ,  is regulated at zero, and the motor currents are in phase with the back-emfs. In these conditions, the power converted from electrical to mechanical form is where  is the angular speed of the motor in mechanical radians. The corresponding torque developed by the motor is 
When the motor speed surpasses the nominal one, the motor is operated in the flux-weakening zone by forcing the phase currents to lead the back-emfs. This originates the component  of the phase currents that compensates for the back-emf rise by partially counterbalancing the PM flux [14–16]. With a proper control of , the voltage  does not go beyond  and the phase currents remain sinusoidal. In order that the rms value of the phase currents does not exceed the rated one, the onset of  implies a fall of  and, by (4), the motor develops a torque lower than in the constant-flux zone.
4. Supply Period Device Power Losses
Power losses in the devices are due to conduction [17] and switching [18] phenomena; they cause an increase of the operating temperature of the devices that, in turn, affects their characteristics [19]. Next subsections model the power losses in Si IGBTs, SiC MOSFETs, and freewheeling diodes when inserted in a three-phase inverter that supplies a propulsion motor and calculate the inverter losses in the supply period . Within , the power losses are the same in the six transistor-diode pairs of the inverter so that only the power losses of the upper pair  of Figure 1 are calculated. In order to simplify the analysis,  is assumed to be an even multiple  of the switching period  of the inverter, according to Let the current of the phase  have the following equation: where  is the peak value and  is the instantaneous phase. Since the current flowing in  and  varies very little during , in modeling the power losses in the devices due to the conduction, the current during the th switching period is assumed to be constant and equal to the amplitude that it has at the beginning of the switching period.
4.1. Si IGBT Loss Modeling
The conduction losses of Si IGBT  in a supply period are given by  where the first term on the right-hand side represents the losses due to the saturation voltage  and the second term the losses in the ohmic resistance . In (7),  and  are the average and rms values of the collector current, respectively. Further to (5), (6) and the assumption of constant current within the switching period,  and  can be formulated aswhere  is the instantaneous phase of the current at the beginning of the th switching period and  is the Si IGBT duty-cycle [20, 21]. The summations in (8) and (9) are limited to the switching periods belonging to the first half of the supply period because Si IGBTs conduct only positive currents.
For the SVM technique, the duty-cycle can be expressed asby considering only the fundamental component and the third harmonic of the instantaneous duty-cycle. Symbols  and  in (10) represent the modulation index and the phase shift of the voltage to the current.
By substituting (10) in (8) and (9) and by replacing the summations with the integrals, the average current in Si IGBT is calculated as and the rms current as 
The switching losses of Si IGBT are given by (13), where  and  are the energies lost, respectively, in its turn-on and turn-off, and  is the switching frequency.
Total losses of Si IGBT  are the sum of conduction and switching losses; as a whole, the losses in the six Si IGBTs of the inverter are six times higher, resulting in
4.2. SiC MOSFET Loss Modeling
The conduction losses of SiC MOSFET  in a supply period are given by where  is the on-resistance and  is the rms drain current. Differently from (9) the rms current in SiC MOSFET is expressed aswith the summation extended to the entire supply period. This is because SiC MOSFETs are bidirectional devices and have a drain-source voltage lower than the antiparallel diode. Therefore, SiC MOSFET , apart from the dead-times, conducts the phase current even when it is negative and the companion SiC MOSFET  of the same leg is off. By substituting (10) in (16) and solving,  is calculated inand the conduction losses of SiC MOSFET becomeLikewise for Si IGBT, switching losses of SiC MOSFET are given by (19), where  and  are the energies lost, respectively, in turning-on and turning-off the transistor, and  is the switching frequency.
As a whole, the losses in the six SiC MOSFETs of the inverter are
4.3. Diode Loss Modeling
The conduction losses of a diode in a supply period are where  is the threshold voltage,  is the direct resistance, and  and  are the average and rms values of the current flowing through the diode.
For the Si IGBT inverter,  and  are expressed by (22) and (23), respectively. They are derived from (8) and (9) by recognizing that diode  conducts during the on-time of Si IGBT  when the phase current is negative
By manipulating (22) and (23) as for the Si IGBT inverter, they become 
For SiC MOSFET inverter, the diodes are flown by current only during the dead-times. Since the latter ones are much shorter than the switching period, the conduction losses in the diodes are negligible with respect to those in SiC MOSFETs.
Both in the Si IGBT and in SiC MOSFET inverters, switching losses of the diodes must be added. Most of them are due to the reverse recovery losses so that the remaining part can be ignored. These losses are given by where  is the reverse recovery charge,  is the voltage across the diode during reverse recovery, here equal to , and  is the switching frequency.
4.4. Total Inverter Losses
The total losses of the Si IGBT and SiC MOSFET inverters are given by  By (14), (20), (21), and (25), the total losses are expressed in terms of peak phase current, modulation index, battery voltage, and device parameters.
5. Study Case
The C-segment compact electric car in [22] is taken as a study case to evaluate the improvement in the inverter efficiency achievable by replacing the Si IGBT inverter with a SiC MOSFET one. The characteristics of the car battery pack and the propulsion motor of PMSM type are reported in Tables 1 and 2, respectively. The motor parameters have been obtained by help of a cross examination of the data in [23] and the relevant literature [24].
Table 1: Battery pack characteristics.
	

	Nominal voltage	365 V
	Maximum voltage	400 V
	Minimum voltage	250 V
	Stored energy	24 kW·h
	Maximum power	90 kW
	Nominal current	69 A
	Maximum current	360 A
	



Table 2: Propulsion motor characteristics.
	

	Nominal power		80 kW
	Nominal torque		280 N·m
	Nominal current		250 A
	Motor constant		0.58 V·s/rad
	 axis inductance		3.3 mH
	 axis inductance		1.2 mH
	Number of pole pairs		1
	Maximum speed		10390 rpm
	Mass		58 kg
	



From the battery and motor data, it has been hypothesized that the Si IGBTs used in the propulsion inverter have characteristics like the item with part number MG12100W-XN2MM by Littelfuse; its characteristics are reported in the central column of Table 3. The safety operating area of this device is nearly rectangular, bounded by a collector current of 200 A and a collector-emitter voltage of about 1150 V [25]. For SiC MOSFETs, the item with part number CAS100H12AM1 by Wolfspeed has been selected because its characteristics are similar to those of the Si IGBT item; they are reported in the right column of Table 3 [26]. The last three rows of the table include the parameters of the freewheeling diode integrated in Si IGBT and SiC MOSFET, respectively. In Section 7, the impact of the temperature on the inverter efficiency is investigated; for this reason, the table reports the device parameters at a junction temperature of both 25°C and 125°C (150°C for SiC MOSFET). For Si IGBT, parameter  has been estimated from the reverse recovery time at 125°C and the reverse peak current. The data sheets of different transistors with comparable characteristics reveal that  increases of about four times when the temperature rises from 25°C to 125°C; consequently, at 25°C, a  value four times smaller of that listed in the table has been used. For SiC MOSFET, instead,  is a temperature-independent quantity and hence the value at 25°C has been used at 150°C as well [27].
Table 3: Si IGBT and SiC MOSFET characteristics.
	

	Parameters	Si IGBT	SiC MOSFET
	

	Part number	MG12100W-XN2MM	CAS100H12AM1
	Manufacturer	Littelfuse	Wolfspeed
	 	1200 V	1200 V
	 	140 A @ 25°C	168 A @ 25°C
	 	15 V	20 V
	 - 	8 mΩ @ 25°C	16 mΩ @ 25°C
	11.5 mΩ @ 125°C	20 mΩ @ 150°C
	 	0.7 V @ 25°C	—
	0.65 V @ 125°C	—
	 	7.8 mJ @ 600 V, 100 A	2.4 mJ @ 800 V, 100 A
	 	8 mJ @ 600 V, 100 A	1.3 mJ @ 800 V, 100 A
	 	1.65 V @ 100 A, 25°C	1.8 V @ 100 A, 25°C
	1.65 V @ 100 A, 125°C	2.5 V @ 100 A, 150°C
	 	4.5 mΩ @ 25°C	8.5 mΩ @ 25°C
	5.75 mΩ @ 125°C	14 mΩ @ 150°C
	 	16.8 C @100 A, 125°C	1.6 C @ 100 A, 25°C
	



6. Efficiency Estimation
The efficiency maps of the inverters in the torque-speed plane are calculated using the power loss formulae in Section 4, with the switching frequency  set at 10 kHz and a junction temperature of 25°C. The device data are fetched out from Table 3, while the battery voltage is fetched out from Table 1. Notably, the efficiency maps are drawn as a function of torque and speed of the propulsion motor, while the power loss formulae are expressed in terms of inverter voltage and current. To get the maps, torque and speed at the motor working points are turned into current and voltage by help of the relationships found in Section 3 and the motor parameters given in Table 2. In particular, for each torque and speed pair, the magnitudes of the motor phase voltage and current and their phase shift have been computed and, from the phase and battery voltages,  has been derived. Afterwards, the computed values have been inserted in (11), (12), (17), and (24) to obtain the current magnitudes needed to estimate the conduction losses of transistors and diodes. For the estimation of the switching losses,  and  reported in the data sheets have been adjusted according to the actual amplitude of the phase current, being the losses about proportional to the transistor drain/collector current. A similar adjustment of  and  has been done to account for the fact that they are specified at a voltage different from the battery voltage of the study case.
6.1. Si IGBT Inverter Efficiency
The efficiency map of the Si IGBT inverter is drawn in Figure 2. It shows that the efficiency is around 99% when operating at speeds exceeding 8000 rpm and decreases appreciably at low speed, irrespectively from the torque. This can be readily recognized from the fact that, in spite of the high torques, the power levels are relatively small at low speeds (f.i. less than 2000 rpm), while the switching losses are almost constant.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
		
			
	


Figure 2: Si IGBT inverter efficiency map.


6.2. SiC MOSFET Inverter Efficiency
The efficiency map of the SiC MOSFET inverter, calculated in the same torque and speed range of the motor as for the Si IGBT inverter, is drawn in Figure 3. It shows that the efficiency is around 99% in the speed interval between 5000 and 10000 rpm, thus exceeding 1% the efficiency of the Si IGBT inverter in the speed interval from 3500 and 8000 rpm, provided that the torque is less than half the maximum. Also, in the case of the SiC MOSFET inverter, the efficiency decreases at low speed, but, even in the worst case, it is about 4% higher than in the Si IGBT counterpart.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
		
			
	


Figure 3: SiC MOSFET inverter efficiency map.


6.3. Overall Propulsion Drive Efficiency
The overall efficiency of the propulsion drive is computed by multiplying the inverter efficiency by the motor efficiency, as specified in [23]. The advantage in the overall efficiency ensuing from the SiC MOSFET inverter is illustrated by the incremental efficiency map of Figure 4. From the map, the fact emerges that the SiC MOSFET propulsion drive exhibits an overall efficiency higher than 1% over most of the working points, the improvement being higher than 5% at low speeds and torques. Efficiency of the propulsion drive with the SiC MOSFET and Si IGBT inverters, calculated for a few motor torque-speed pairs, is reported in Table 4; for an easier comparison, the efficiency is also plotted in Figure 5 as a function of the motor torque.
Table 4: Propulsion drive efficiency.
	

	Number	Speed [rpm]	Torque [N·m]	With SiC MOSFET inverter (calculated) [%]	With Si IGBT inverter (calculated) [%]	With Si IGBT inverter (measured) [%]
	

	1	1144	154	88.85	86.06	86.63
	2	1246	63	92.45	89.04	87.81
	3	1376	82	92.60	89.70	88.00
	4	1394	142	90.20	88.18	87.20
	5	1997	108	93.35	91.60	90.42
	6	2006	37	93.65	90.79	90.12
	7	2549	84	94.65	92.89	91.48
	8	2785	115	94.75	93.28	93.28
	9	2954	98	95.10	93.66	93.31
	10	2984	51	94.85	93.07	92.68
	11	3020	87	95.20	93.72	93.11
	12	3142	48	94.95	93.09	92.17
	13	3425	74	95.40	94.05	93.63
	14	4709	23	94.15	92.16	92.01
	15	4786	62	95.90	94.79	94.48
	16	5067	48	95.25	94.30	93.80
	17	5451	36	94.85	93.54	93.05
	18	6018	33	94.55	93.31	93.59
	19	6436	42	95.05	93.93	94.61
	20	7128	42	95.15	94.04	93.38
	21	7490	45	95.25	94.24	94.35
	22	8186	47	95.40	94.41	95.23
	23	8232	31	94.35	93.28	93.86
	24	8270	24	93.85	91.73	92.65
	







	
	
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
			
		
		
			
		
			
	


Figure 4: Incremental efficiency of the SiC MOSFET propulsion drive over the Si IGBT one at 25°C.






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
		
		
		
		
			
			
		
			
	


Figure 5: Computed efficiency of the SiC MOSFET (blue dashed line) and Si IGBT (red dotted line) propulsion drives as per Table 4 and measured efficiency of the Si IGBT (red solid line) propulsion drive versus motor torque.


6.4. Range Extension Due to Improved Efficiency
The improvement in the efficiency of the propulsion drive with the SiC MOSFET inverter extends the EV range. Let us estimate the range increase of EV of the study case when the motor runs at given speed and torque. The power supplied by the battery for a motor speed of  and a torque of  is where  is the efficiency of the propulsion drive. If the battery delivers the energy  before being recharged and EV moves at the constant speed , the range is For equal values of  and , the increase in the range achieved by replacing the Si IGBT inverter with the SiC MOSFET one, expressed in percent, is  Picking as an example some torque-speed pairs and the relevant efficiency from Table 4, the resultant percentage increases in the range are reported in Table 5. Inspection of the table shows that the range lengthens up to 3.8% when the propulsion motor operates at low speeds and high torques, as it happens when the car is climbing a hill or pulling a load, while, at high speeds and low torques, the advantage of the SiC MOSFET inverter reduces to about 1%. The results agree with the map of Figure 4, whereby it points out that the maximum improvement in the efficiency of the SiC MOSFET propulsion drive is reached at low speeds and high torques.
Table 5: Estimated range.
	

	Number	Range extension with SiC MOSFET inverter [%]
	

	1	3.24
	2	3.80
	34	3.23
	21	1.07
	22	1.05
	23	1.15
	



7. Temperature Effect
Rise of the operating temperature causes a variation of the parameters of both Si and SiC devices, thus affecting the efficiency of the inverter. This issue has been investigated by recalculating the efficiency of the propulsion drive with the parameters relevant to a junction temperature of 125°C for Si IGBTs of the inverter and 150°C for SiC MOSFETs. The new map of the incremental efficiency of the SiC MOSFET propulsion drive over that with Si IGBTs is reported in Figure 6. By comparing it with the map in Figure 4, it turns out that (i) the improvement in the efficiency of the propulsion drive with SiC MOSFET inverter increases as the operating temperature raises and (ii) this effect is sensibly greater in the low speed region.




	
	
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
			
		
			
		
		
		
			
		
			
	


Figure 6: Incremental efficiency of the SiC MOSFET propulsion drive over that with Si IGBTs at 125°C.


8. Investigation Validation 
The calculated results on the overall efficiency of the propulsion drive with the Si IGBT inverter have been validated by means of data measured on EV of the study case.
Real-time data on (i) speed of EV, (ii) torque and speed of the motor, and (iii) voltage, current, and state of charge of the battery have been gathered by means of the Advantech TREK 550 automotive PC. It was connected to the EV electronic diagnostic system through the On Board Diagnostic (OBD) port, which operates according to SAEJ1979 [28] and ISO15765 standards. Details about the protocol used by the manufacturer to code the different quantities can be found in the forum [29]. The accuracy of the collected data has been assessed in a previous work ‎[30], where they have been used to develop a chart of the consumption and the emissions of conventional and hybrid vehicles.
The automotive PC was starting the data acquisition every time the car was turned on and, as soon as a Wi-Fi connection was made accessible, was downloading the acquired data in a remote server together with the position detected by a global positioning system. Figure 7 reports a schematic of the experimental platform, while Figure 8 shows a screenshot of the graphical interface that enables the user to retrieve the data stored in the remote server.




	
	
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
	


Figure 7: Experimental platform schematic.






	
	
		
			
		
	


Figure 8: Graphical interface.


By processing the acquired data, the efficiency of the propulsion drive of EV has been determined at different torque-speed working points. Results pertinent to Table 4 are listed in its right-hand side column and plotted with the red solid line in Figure 5. Going over the table, it is evident that the measured values of efficiency for the propulsion drive match the computed ones with a difference that, in most of the points, is lower than 1% and never exceeds 1.5%. One can also infer from the results that the loss model is not biased and that it is not affected by systematic errors, since the computed values of efficiency sometimes are a bit smaller and sometimes are a bit greater than the measured values. Summing up, the results confirm the effectiveness of the loss model developed for the Si IGBT inverter.
Regarding the SiC MOSFET inverter, the loss model of the SiC MOSFET has been verified by arranging the test bench described in Appendix and by comparing the efficiency calculated from the model with that measured from the circuit. The measurements confirmed the validity of the loss model, thus corroborating the efficiency results obtained for the SiC MOSFET inverter. Explicitly, Figure 10 in Appendix underlines that the computed efficiency differs from the measured one of a quantity that never exceeds 1%, reaching this value at high currents and low voltages.
Putting together the results found above, it can be concluded that the SiC MOSFET propulsion drive outperforms the efficiency of the Si IGBT one of a few percent over most of the regions of the torque-speed plane, whereby the exact amount of the improvement, like in any engineering approach, should account for the measurement errors and data tolerances. According to the outcomes of the experiment described in Appendix, the maximum margin of inaccuracy of 1% is reached in the high torque-low speed region.
9. Conclusions
The paper has explored the improvement in the efficiency of a propulsion inverter for EV, achievable by replacing the Si IGBTs of the propulsion inverter with SiC MOSFETs. After finding out the voltage-current solicitations for the inverter as a function of the motor torque and speed, and modeling the power losses of the two types of device as a function of such solicitations, the efficiency of the SiC MOSFET inverter against the Si IGBT one has been first calculated and then combined with the efficiency of the propulsion motor to determine the overall efficiency of the propulsion drive. The results, applied to the study case of a marketed C-segment compact electric car, have demonstrated the achievement of an overall efficiency that, in some region of the torque-speed plane, is up to 5% greater, with a consequent extension of the car range. The results of efficiency for the propulsion drive with the Si IGBT inverter have been supported by measurements. The loss model for the SiC MOSFET inverter has been validated experimentally, thus corroborating the results obtained for the efficiency of the relevant propulsion drive.
Appendix
The test bench circuit, made of an inverter leg and drawn in Figure 9, has been built up around two SiC MOSFETs with part number SCT2120AF by ROHM semiconductor [31]. Main characteristics of the circuit are DC voltage  of 100 V, switching frequency of 10 kHz, inductance  of 3 mH, and load resistance  adjustable from 0 to 20 Ω. The circuit has been operated at different currents and duty-cycles, and the input and output powers have been measured with the digital wattmeter WT1800 by Yokogawa. The efficiency obtained from the measured data has been compared with that computed applying the loss model developed in Section 4. The results are traced in Figure 10 as a function of the current and for different values of the duty-cycle. The good correspondence between measured and calculated data, substantiated by a difference that never exceeds 1%, confirms the validity of the SiC MOSFET loss model.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 9: Test bench circuit.






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
		
	


Figure 10: Measured (solid line) and estimated (dashed line) efficiency of the test bench circuit.
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