
Device Evaluation and Filter Design 
for 20 kW Inverter for Hybrid Electric Vehicle Applications 

X. Jing, I. Celanovic and D. Borojevic 
Virginia Power Electronics Center 

The Bradley Department of Electrical Engineering 
V i  Polytechnic Jnstitute and State Univasity 

Fax; (540)-23 1-6390, Email; xjing@vt.edu 

Abstract - In inverter design for electric vehicle applications 
there are several major requirements that should be met. The 
inverter should be able to operate bidirectionally with 
reasonably high efficiency under a high ambient temperature. 
Therefore it is critical to select the suitable main switches for the 
inverter. In this paper seven types of devices (including 3 dual 
IGBTs, 1 intelligent dual IGBT, 2 six-packed intelligentIGBTs 
and 1 intelligent dual MCT) have been evaluated with respect to 
efficiency and thermal management, under hard switching, ZVS 
and ZCS operating conditions. Input inverter EM3 filter has 
been proposed and possible fdter inverter interaction is being 
discussed. Favorable working frequencies for the devices under 
different conditions are given. 

1. INTRODUCTION 
In recent years, new emission regulations have expanded 

development efforts on low emission automobiles. Hybrid 
Electric Vehicles (HEW are being extensively developed 
[13], [14] in an attempt to overcome the lit&-range 
problems of battery powered electric vehicles, while 
substantially reducing the emissions as well as the fuel 
consumption of comparable gasoline powered vehicles. In 
order to achieve a commercially viable HEV it is neceswy to 
maximize the efficiency and robustness of the electric drives 
while reducing their size and weight to a minimum. 

Inverter design for HEV applications has to meet several 
demanding requirements: 

1. compact design with small physical size; 
2. robustness and high reliability under severe 

working conditions (SOT -85@ under hood); 
3. low EMI emission; 
4. bidirectional operation; and 
5.  low input voltage operation. 

In order to achieve the above-stated requirements power 
devices in the inverter have to be pushed to the very limits of 
the current ratings and the thermal management Also, power 
device data supplied by the manufacturer cannot be taken as 
truly valid since operating conditions, gate drivers and slray 
inductances m e r  a great deal. 

In inverter design EM1 issues play a very important role. 
Common practice shows that those issues have been 
addressed with proper cable shielding [13] and DC link 
capacitance, which may prove to be insufEcient. Therefore, 
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we have proposed a filter design that can provide sufficient 
attenuation with reasonably small size especially if the 
switching frequency is pushed high enough. 

Because of all the abovestated demands, the doice of the 
main switches together with appropriate switching fresuency 
becomes an extremely sensitive part of HEV inverter design. 

In this paper, a comprehensive study of the switching and 
conduction losses is presented for ea& d’evice under hard 
switching, Zero Current Switching (ZCS), improved ZCS, 
and Zero Voltage Switching (ZVS) conditions. Device testing 
conditions are the same as the inverter operating conditions. 
Utilizing obtained testing data, each device has been 
evaluated with respect to effiiciency and thermal calculations 
under the different three phase invater topologies mentioned 
above. Also, EMI filter design for HEV application is 
presented. The favorable switching frequencies for devices 
under different conditions are given. 

2. DEVICES AND TESTING CIRCUIT 

2. I Evaluated Devices 
Current rating choice of the main switches for the inverter 

mainly depends on two dominant factors which is related to 
letting the devices operate within their maximum rating 
values during their operation. The first factor is that peak 
collector current of the device should be no more than twice 
the current rating. The second one is that the junction 
temperature of the device should be within T- at any time. 
Based on the above considerations, principal inverter 
specifications and availability of the devices, devices in 
TABLE 2.1. have been selected for evaluation: 

Table 2.1 Devices to be evaluated 

Fuji 1 dMBP300RA060 I 300M600V I Six-packintel. 
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2.2 Tester Set-up 

Figure 2.1 is shown the hard switching t a thg  circuit. Lower 
switch and upper diode are device under test @UT). Figure 
2.2 shows the ZCS auxiliary circuit whileFigure 2.3 shows the 
ZVS one. When the main circuit is disconnected fkom the 
auxiliary circuits, the DUT (devices under test) cm work 
under the hard switching conditions. Connecting with either 
ZCS or ZVS auxiliary circuit, the DUT will be working under 
ZCS or ZVS. 

aux. circuit 

Fig. 2.1. Testing Circuit for hard switching. 

L L 

............................ ......................... 

Fig. 2.2. Aux. Circuit for ZCS. Fig. 2.3. Am. circuit for ZVS 

The DUT are built on an alumhum heat sink. Laminated 
bus bars are used to connect the devices (including DUT and 
the auxiliary device) and power supply in order to reduce 
parasitic inductance in the tester layout. The heat sink is 
placed on a heater for high tempmture testing. A thermal 
probe is used to monitor the temperature of the heat sink 
during the whole testing process. A high precision 1O:l 
Pearson current sensor is used to monitor the device current, 
while the LeCroy 9374L Digital Oscilloscope is utilized due 
to its strong computational capability. Switching losses can 
be easily obtained by integrating the switch voltage and its 
current. Detailed setup and control timing signals are given in 
P I .  
2.2 Testing results 

Seven devices are tested under Werent testing circuits 
shown in Figure 2.1. to Figure 2.3. In ZVS testing the Lr 
value is 0.9 uH. In ZCS testing the Lr value is 0.1 uH. For 3 

non-intelligent IGBT testing, rhe gate resistor value is 4.7 
Ohm. 

2.2.1 Testing resultsfor SKM4OOGBO62D 

Figure 2.4 shows the switching loss testing results for 
SKM400GB062D under hard switching, ZCS and ZVS 
conditions. 

+Hardon +Hard-off +ZCS-off -+--NS4n 

Fig. 2.4. Loss comparison for SKM400GB062D 

And Figure 2.5 gives the conduction drops of the diode and 
IGBT of the module. 

I 3.5 7 

-+-K;BT--.-We 

Fig. 2.5. Voltage drops for SKA44WGBO62D. 

2.2.2 Data processing for SKM4OOGBO62D 

From data in Figure 2.4 and Figure 2.5 several parameters 
could be extracted for the switching and conduction loss 
calculations. It is assumed that switching losses are 
proportional to the product of switched m e n t  and applied 
DC link voltage, and steady state I-V characteristic of each 
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device including switch and diode is approximated with 
linear function: 

E,, = KO, Vdc - IS 
E = KO, * Vdc * IS 

0, 

From data in Figure 2.4 and above equations&, and IC,, 
cau be obtained for hard and soft switching conditions. These 
"s tants  are used in the entire inverter switching loss 
estimation. 

From the assumption above, the voltage drops of the 
IGBT and diode can be linearly approximated as: 

v,, = v,, + I ,  . Rs 
Vcd = Vd +Id Rd 

Combi ig  these two equations with Figure 2.5,V,, V, , 
k, and & can be calculated for the inverter conduction loss 
estimation later. 

2.3 Testing results 

these topologies, operation of each invexter phase-leg is 
independent from switching in other legs, so that the 
application of soft switching does not need any changes in the 
VSI modulation algorithm. And the power stage of auxiliary 
devices that are needed for soft-switching can be easily 
implemented in "piggy-back" form, such that the addition of 
soft-switching requires only minor h g e s  to the gate signals 
of the hard switched inverter. There are many other soft- 
switching techniques in the literature such as so-called 
"resonant dc-link" techniques [7]-I121 where the voltage 
andor cuttent on the dc side of the inverter is modified to 
produce zero-voltage switching (ZVS) or zm-current 
switching (ZCS) of the inverter switches. Their main 
disadvantages are signXcautly increased voltage stress of the 
main devices, or very large current stress of the auxiliafy 
devices, and the relatively large size of the auxiliary resonant 
components. On the otha hand, in this application all of those 
techniques which provide only ZVS may not be very 
advantageous because the reverse recovery problem for the 
600 V diode is not as severe as the one in higher voltage 
applications. And very few ZCS techniques have been 

chosen to evaluate the devices. 

From the testing redts and following the parameta 
proc&ms in section 2.2, Table 2.2 and Table 2.3 are Proposd* Thaefore, Only One zvT and -qua are 

obtained. 
Table 2.2. Extracted parameters for switching loss. 

3. THERMAL AND EFFICENCY ANALYSIS 

In this paper, three soft switching topologies are used to 
evaluate devices. They are six switch zero-voltage-transition 
(ZVT) VSI [2,3,4]1, six switch zm-currat-transition (ZCT) 
[2,5] and the six switch improved ZCT VSI [2,5,6]. In all of 

In order to calculate conduction loss and tempemture rise 
for the invater, the following assumptions are made: 
0 

0 

Modulation index : 1 
0 Modulation strategy: sinusoidal modulation 
0 

0 

0 

Peak load current : 400 A 
Phase shift between phase voltage and current: 30' 

Switching fiequenq is much higher than line frequency 
Parallel diode has 20% of switching loss switch does 
There is no dead time between the up and down switches 
in one phase 

3.1 Switching and conduction loss estimations for the inverter 

According to the above-stated assumptions, the load 
current can be treated as a constant during the entire 
switching cycle. And in one phase of the inverter, one on 
action and one off action happen in each cycle. Switching loss 
can be estimated as: 

Pom = f, - KO, . Vdc - - 11 I ,  sin(8) I d8 1 2K 

27r 0 

. 2K 

K, and K& are extracting from testing data This 
expression shows that the switching loss of each device 
(including tum-on loss and turn-off loss) is proportional to 
the product of switching frequency and DC link voltage. 
Therefore the total switching loss of the invatex can be 
obtained as follow: 
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'switching = 3 Porn + 3 . Po@ 
From the testing data, the steady state I-V characteristics of 

the main devices and parallel diodes can belinearized. For 
one phase of the inverter, the load m t  goes through either 
the main switch or the parallel diode which will be decided by 
the phase shift angle. Therefore main switch and diode 
conduction losses in one phase could be obtained by the 
following equations: 

1 P, = -. VW(IS) - I ,  (1 4) 
T, 

r, 
1 Pod = - - V d ( I d ) - I d  * d  

d is the PWM duty ratio. By integrating the right sides of the 
above two equations over half line cycle, switch and diode 
average conduction losses of one phase can be obtained. 

Thus the total conduction loss of the inverter is given by 
the equation: 

pcond-total = 3. P, 4- 3 *Pad 

e o t a l  = 'Switching + Pmd -totot 

And the total loss of the inverter is : 

All of the above estimations are to be used for hard 
switching, six switch ZVT, six switch ZCT and sixswitch 
improved ZCS inverters. And for the last topology it is 
assumed that its turn-on loss is 20% of hard tum-on loss. 
Conduction loss for each device is the same under the 
different topologies. Switching loss estimation for every 
device uses related testing data for every topology. 

At the rectifier working mode, calculations could be done 
in a similar manner after swapping the positions of the main 
switch and diode. 

unit: w Inverter 
Type IGBT I DIODE 

3.2 Thermal analysis for the inverters 

Rectifier 
ICBT 1 DIODE 

In order to analyze the combinations of devices and 
topologies, further assumptions are made: 

0 

Highest case temperature allowed: 95 "C 
Maximum temperature rise from junction to case: 40 "C 

3,2, I Thermal analysis for inverters based on conduction loss 

From the above discussion, conduction losses for all 
devices are obtained in Table 3.1 under both inverter and 
rectifier mode. 

Combining Table 3.1 and device thermal resistances, 
temperature rises for all devices under two working 
conditions are given in Table 3.2. 

From Table 3.2, it can be seen that three intelligent devices 
are not suitable for this application due to their high 
temperature rises caused by their conduction losses. The 
testing results of MCT show that it has huge reverse remvery 

current (500 A) during its tum-on and long current tail (2 us) 
during its turn-off under the given testing conditions (150 
V/200 A). So MCT cannot be used eithex. If the temperature 
protection trip level is set at 125 "C, PM400DVA mav or may 
not be suitable for this application bemuse the data used in 
the estimations are obtained at 90 "C. 

~ ~ 

Table 3.2 Tempmime rises by conductio 

125.31 
182.35 
213.43 

229.5 
1 198.77 

10SSeS 

3.2.2 Thermal analysis for the inverter under hard switching 

According to the conclusions above, the three dual IGBT 
modules are the remaining candidates. From section 3.1 and 
Table 3.1, the total loss and temperature rise of the inverter at 
a specific switching frequency could be calculated. The 
Figure 3.1 shows the thermal calculation results for the three 
devices. 

S ~ n g f r e q u e n c y  

--CZMBIuaKmBo -C-DKls)MO 

Fig. 3.1 Temperature rises for 3 dual IGBT devices 

From Figure 3.1 it can be seen that three devices could 
work at a switching frequency between 5 R and 30 K without 
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t h d  problems. Both DK159140 and 2MBI400NTo6o can 
work at higher switching frequency. 

3.3 Eficienq analysis for the inverter 

Let Pin be the input power of the inverta. Output power 
and efficiency of the inverter could be expressed as: 

P, = Pm -Pa 
E&lc, = P,/ Pm. 

3.3. I mciency  analysis for the hard switching inverter 

~ 

Fig. 3.2 Hard switching invater efficiency comparison 

Figure 3.2 shows the efficiencies of inverters using three 
dual IGBT devices under the hard switching condition. The 
inverter using DK159140 has the best efficiency under this 
topology. 

3.3.2 Eflciency analysis for the ZVT inverter 

Figure 3.3 shows the efficiencies of ZVT inverters using 
three. dual IGBT devices. 

ZVT efficiency comparison 

3 0.88 

E ””: 0.86 

0.84 4 4  
5Oo0 15Ooo 25000 35ooo 

switdlii frequency 

+2MB1400NT060 +DK159140 SKM400GB062D 

Fig. 3.3 ZVT inverter efficiency compluisun. 
The inverter using DK159140 has the best efficiency under 

ZVT topology. 

3.3.3 Eflciency analysis for the ZCT inverters 

Figure 3.4 shows the effiCiencieS of ZCT inverters using 
three dual IGBT devices. 

0.92 

.e 6 0.86 0: i”----. 

Fig. 3.4 ZCT inverter eficiency comparison 

The inverter using DK159140 has the best efficiency under 
the ZCT topology also. 

3.3.4 Eficiency analysis for the improved ZCT inverters 

Figure 3.5 shows the efficiencies of improved ZCT 
inverters using three dual IGBT devices. Under improved 
ZCT topology inverter using DK159140 yields the best 
efficiency. 

0.95 

0.8 I 
5000 15000 25000 35000 

Switching frequency 

+2M B1400NT060 -C- DKl59140 SKM400GB062C 

Fig. 3.5 Improved ZCT inverter efficiency 00mpariS0n. 
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4. DESIGN OF VSI W U T  FILTER 

In the overall design of the inverter another important 
issue is Electro Magnetic Interference (EM). Since the 
inverter is switching at very high frequancy it is a substantial 
source of radiated and conducted electromagnetic noise, 
However, because the inverter is located close to the motor 
we are not concemed about filtering AC side noise. Long 
cables between the inverter and battery could be a substantial 
source of radiated EMI. Also, other equipment supplied f” 
the source battery is susceptible to the inverter noise. Due to 
all these facts EMI filter on input inverts side is unavoidable. 

The inverter acts as both a dimential and common mode 
noise source. In the design phase, computer simulations can 
give a vay  good estimation of the amount of Merential 
mode noise injected by the invater. On the other side, it is 
almost impossible to estimate amount of common mode noise 
in system, since we are not able to calculate andor estimate 
(because of high complexity) all parasitic effects in the 
system. 
Thus differential mode filter design can be accomplished 

fully in the system design phase while common mode filter 
design can be fully finished only after true measurements 
have been done on the overall system. 

4.1. Filter Design Issues 

Three main requirements a VSI input filter has to meet are 
the following: 

1. required switching noise attenuation; 
2. o v a  system stability; and 
3. small physical size. 

The first requirement is imposed by the appropriate E M  
standard. Since for this particular application no such 
standard is available, military standard MIL-STD-461D has 
been adopted. This standard gives limitations on current and 
voltage on a DC link procured by inverter. 

The second requirement is directly related to filter output 
impedance. Since in this application the inverter is driving the 
motor in closed loop operation, it is possible that undesirable 
interactions (instability problems) between the filter and 
inverter could occur. That could lead to large oscillations on 
DC link and even system instability and citastrophic failure 

The third requirement is closely related to the inverter 
switching frequency and filter comer frequency. Since 
switching frequency is determined by switching device 
capability and digital controller throughput speed, it is 
desirable (from a size and cost point of view) that the filter 
corner frequency is as close as possible to the switching 
frequency. That implies the use of a high order filter that 
utilizes steq pass-band-to-stop band transfer characteristics. 

4.2, Differential Mode Filter Design Example 

One of the filter types that fulfiils all the above stated 
requirements is the Cauer-Chebyshev (CC) filter [17], also 
known as an elliptic-integral filter. A two stage CC filter is 
shown in Figure 4.1. Our filter design has to satisfy two 
major constxaints. The first one is to have an attenuation of 85 
dB or more at switching frequency and the other is to satisfy 
the so-called Middlebrook’s criterion [16], i.e. the source and 
filter impedance Z, has to be much smaller than the inverter 
input impedance Z,for all frequencies. The second constraint 
has to prevent overall system instability. Usually, in design 
phase closed loop parametas of inverter-motor system are not 
known, consemative criterion, which requjres that the fiter 
output impedance is 6 dB smaller than the minimum dc input 
resistance of the inverter may be used, i.e. 

12, I<----- 1 V;“ 
2 pmax 

Where V, is input DC voltage and P,, is maximum input 
motor power. 

Fig. 4.1. Second order her-Chebyshev filter. 

The input filter output impedance can be reduced by 
u t i l i i g  bigger capacitor [15]. The fiter should also have 
sufficient pole darnpig which will also help reduce filter 
impedance. In this case the battery and cable resistance can 
provide Micient damping. Figure 4.2. shows filter transfer 
function and filter output impedance characteristics. 

Fig. 4.2. EMI Fitter transfer Function and Output Impedance. 
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4.3. Common Mode Noise Filter Design 

Since it is almost impossible to estimate the amount of 
"man mode noise, exact design of common mode filter can 
be concluded only after the system is built. The proposed CM 
noise filter with appropriate line input stabil i ion network is 
given on Figure 4.3. 

L E N  CM filter 

50 uH L In 

Power source 
50 uH 

U 

Fig. 4.3. CM filter with LISN. 

Where I,, are modeled CM noise sources and the power source 
is the battery. The transfer function of CM noise filter can be 
derived from the previous figure as: 

1 

where R=50 C2 is the LISN impedance. Since the Y capacitor 
size is li i ted,  due to the maximum allowed leakage currents, 
a guideline for common mode choke design can be 
established in the sense: 

1 L>>- 
87r2 f,C ' 

since our goal is to achieve a CM filter comer frequency 
much lower than the switching frequency 

5.4. Final CM and DM Filter Design 

Both CM and DM filters are supposed to filter DC link. 
Those two filters can be combined in many dif€aent ways. 
The one that has been proposed is shown in Figure 4.4. 

I e I I I ,  
Fig. 4.4. Proposed EM1 filter design. 

An advantage of this approach is that leakage inductance 
of CM choke is being utilized as DM filter input inductance. 
This reduces the total number of necessaryindudances, and 
makes the practical implementation easier and more compact. 

5 .  CONCLUSIONS 

In this application, the ambient temperature is as high as 
85" C. Hence the temperature rise between the case and 
junction is limited to 40" C. For the given seven devices, three 
intelligent devices are not suitable for this specific electric 
vehicle application because their over-temperature protection 
level is set at 100°C. Even if the protection level is changed 
to 125" C, the two 300 A intelligent IGBT modules are still 
not suitable due to their high thermal resistance of the diodes. 

From the tables in Section 3.2, it can be seen that 
PM400DVA060 may be used for this application if 
temperature protection level could be adjusted at a reasonably 
higher level. Using this module for the inverter would make 
invezter design much more compact 

The MCT module has low voltage drops for both MCT 
and diode, which are desirable in this case. However, it has 
severe reverse recovery current andlong turn-off current tail. 
Also, it is very hard to protect the over-current in MCT. Thus 
MCT is not suitable for this application either. 

From the loss or efficiency and thermal point of view, 
DK159140, 2MBI400NT060 and SKM4OOGBO62 can be 
used in this application with a reasonably high operating 
switching frequency (at least 20 Hz). Among these dual 
modules, DK159140 is the most favorable due to low power 
loss and good switching characteristics. In the four evaluated 
topologies this module always had best efficiency. 

This paper has presented a merent approach in EV and 
HEV EMI filter design. The presented filter features a high 
level of noise attenuation and compact design while practical 
implementation is somewhat more complex. Possible 
interaction issues between filter and inverter have been 
investigated and simple design criterion has been given. 
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