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Abstract 

 

 

Cost reduction and increased power density 
combined with long lifetimes are the main 
challenges for the development of new 
generations of inverters. For instance, the 
electrical performance of IGBTs and diodes and 
interconnection technologies has been 
consistently improving over time. A further 
potential for cost reduction is the introduction of 
shunts for current measurement internal to the 
power modules, replacing Hall Effect sensors 
measuring the AC current, typically in the output 
bus bars, in inverters at power levels above 75 
kW. The development of new sigma delta 
modulators with lower input voltage has enabled 
this approach. This publication presents the 
impact of introducing shunts internal to the power 
module in inverters in the power range above 75 
kW, specifically: cost reduction, performance 
improvement and simplified inverter design. 

 

1. Present situation 

 

Current sensing is needed for speed/torque 
control and protection functions like overcurrent 
and short circuit detection. The type of current 
measurement is dependent on different factors for 
example power level, cost targets, accuracy 
requirements and available physical space.  

 

1.1. Shunts for current measurement 

The use of shunt resistors is convenient due to 
their low cost and high accuracy. One drawback 
is additional power losses that have to be 
dissipated in the system. In the past, sigma delta 
modulators worked with an input voltage of 
250mV requiring shunt resistors values that 
generated this voltage drop. Very often these 
shunts were placed on the printed circuit board 
(PCB). At a certain inverter power level the losses 
cannot be dissipated by the PCB any more. An 
alternative option to avoid hotspots and save area 
on the PCB is to place the shunts inside the 

power module. This integration leads to improved 
cooling of the shunts, due to the good thermal 
connection to the heatsink through the module 
base plate. Infineon has a good field experience 
with this technology as they have been offering 
such modules with integrated shunts for more 
than 13 years. To process the voltage signal 
across the shunt resistor it is typical to use a delta 
sigma (ΔΣ) modulator and demodulator. For the 
demodulator there are different concepts 
available on the market. It can either be added to 
the PCB as an additional component, as 
illustrated in Figure 1(a), coming with additional 
space and cost consumption, or a microcontroller 
is used which already integrates the demodulator 
as a feature, like the XMC4400 as an example. 
This is displayed in Figure 1(b). With this 
integrated signal processing unit the 
microcontroller can directly access the resulting 
measurement data and signal processing can be 
configured just as the application requires. Figure 
1 shows the schematics of both systems.   

 

 

 

 

 

 

 

Fig. 1 – Schematic of shunts options using (a) delta 

sigma modulator and demodulator IC and 

(b) microprocessor with integrated demodulator 

(e.g. XMC 4400) 
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Using a delta sigma modulated signal 
transmission the robustness of the signal 
transmission integrity against electrical noise 
disturbance is significantly better compared to 
analog signal transmission. This is not only 
provided by the change from analog to digital 
signal transmission, which is intrinsically more 
immune to noise, but also by the absence of the 
typical cable connection to the hall effect sensor 
that is prone to noise interference.  

For the solution with the internal shunt resistor, 
the analog signal transmission length is limited to 
the path from shunt inside the module via the 
PressFIT contacts to the delta sigma modulator 
located on PCB on top of the module as 
illustrated in Figure 6. 

Another advantage of the delta sigma approach is 
the possibility to determine the tradeoff between 
resolution and response time as the application 
requires. By the use of either a very fast and less 
accurate or a slow and highly accurate signal 
processing filter different requirements of current 
measurement can be met using the same digital  

bit stream. This is even possible simultaneously.  

State of the art microcontrollers like the XMC4400  

feature the possibility to process the digital bit  

stream in two parallel channels at the same time. 
This means a very fast responding digital filter 
can react in a short time to protect from a fast 
short circuit or overcurrent event, in this case 
where absolute accuracy is less critical.  Also at 
the same time a slower digital filter can make a 
highly precise current measurement to ensure 
good control performance of the system current 
control loops. Both are possible by analyzing the 
same single bit stream from the shunt. The basic 
principle of this concept is displayed in Figure 2.  

 

 
Fig. 2 - Concept of parallel signal processing of high 

accuracy and fast response for the Shunt with delta 

sigma modulator. 

 

One point that has to be considered in the design 
is the power supply of the current measurement 
circuit. 

A sigma delta modulator needs a supply of <20 
mA with a unipolar 5V supply, resulting in around 
0.3W of power for a 3-phase inverter. This leads 
to much lower power requirements especially in 
comparison to closed loop current sensors. The 
high side supply for the delta sigma modulator 
can be derived from the existing high side driver 
supply. 

 

1.2. Hall Effect sensor for current 

measurement 

At a certain power level, typically above 75 kW, 
shunts were not a viable option due to excessive 
power losses. Therefore, for inverters with higher 
power, Hall Effect sensors placed around the 
output AC bus bar are used. A schematic view of 
this type of system is given in Figure 3.  

 

Fig. 3 – Schematic of current measurement and 

evaluation using Hall Effect sensors 

 

This configuration offers a good solution for 
inverters with a simple interface to the controller 
and high electrical isolation properties. Due to the 
fact that the current is measured using the Hall 
Effect, no power losses are generated from the 
load current. 

There are two main types of Hall Effect sensors: 
open loop and closed loop. Open loop sensors 
are lower in costs, have lower power supply 
requirements but typically have lower 
performance in terms of dynamic bandwidth, 
offset voltages and drift with temperature. Closed 
loop sensors overcome many of these 
performance limitations but at a higher cost and 
higher current consumption.  

For many applications open loop Hall Effect 
sensors feature sufficient performance, whereas 
for very demanding applications, where highest 
control accuracy is required closed loop Hall 
Effect sensors are often selected.  
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The power supply requirements for closed loop 
Hall Effect sensors are very high compared to 
other sensor types. A conventional closed loop 
Hall Effect sensor for a nominal current of 200A 
requires a power source of ±15V to generate 
>100 mA RMS current at the output, see 
reference [1]. As an example a 2000:1 closed 
loop Hall Effect sensor with a measuring 
resistance of 90Ω will require (100mA)²  90Ω = 
0.9W. For a 3-phase converter accordingly the 
power supply needs to deliver a power of 2.7W in 
total. The technical differences between a Hall 
Effect sensors and a shunt based solution are 
given in Table 1.  
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Table 1: Summary of the main difference between  

three different approaches for current measurement 

 

2. Innovation 

 

The development of new sigma delta modulators 
that can operate with an input voltage of 50mV [2] 
allows the use of shunt resistors at higher power 
above 75 kW. With this reduction of the input 
voltage the resistance of the shunt resistor can be 
reduced up to 5 times compared to the older 
technology with a 250mV input voltage 

requirement. This opens the door for the 
integration of shunts internal into power modules 
with a current capability up to 600A. Infineon has 
developed a portfolio of modules with integrated 
shunt resistors in the AC output. Figure 4 gives 
an overview about the presently available 
products.    

 

      

IC [A] 1200V 1700V 

75 IFS75B12N3E4_B31   

100 
IFS100B12N3E4_B31 

IFS100B17N3E4P_B11 
IFS100B12N3E4P_B11 

150 
IFS150B12N3E4_B31 

IFS150B17N3E4P_B11 
IFS150B12N3E4P_B11 

200 IFS200B12N3E4_B31   

300 IFF300B12N2E4P_B11 IFF300B17N2E4P_B11 

300 IFF300B12ME4P_B11*   

450 IFF450B12ME4P_B11   

600 IFF600B12ME4P_B11   

  IFS - 6-pack, IFF - 2-pack 
 

Fig. 4: Overview with the product line up of available 

Infineon IGBT modules with integrated shunts. * in 

development 

 

An important property of the shunt is its 
temperature stability that enables a current 
measurement with excellent linearity over a wide 
temperature range. It can be shown that the 
shunts used by Infineon feature a temperature 
drift of less than ±0.3%. Details about the shunts 
deployed are described in reference [3].  

  

 

 

 

 

 

 

 

 

 
  



3. Inverter design, manufacturing 

process and economic benefits 

 

The possibility to integrate shunts in modules for 
inverters at higher power classes increases the 
degrees of freedom for the inverter developer. In 
the next section some details will be described. 

 

 

3.1. Inverter design - reduction of parts 

quantity 

 

The simplification of an inverter design is one 
crucial requirement during development of new 
inverter generations with the target of reducing 
the bill of material, the production costs and to 
increase the system reliability and power density. 
The fact that current measurement can be 
integrated in the power electronic module helps 
significantly to address all these topics.  

Figure 5 shows a drawing of a typical 240 kW 
three phase system with Hall Effect sensors as 
well as the improved system utilizing internal 
shunt resistors. 

Fig. 5 – Example of a 240kW three phase system: (a) 

using Hall Effect sensors, (b) using internal shunts and 

(c) the parts difference between the two. The parts 

illustrated in Figure (c) can be saved.  

 

Using internal shunts the overall parts count can 
be reduced. Often the output bus bar designed 
can be simplified as it does not have to meet the 
constraint of fitting through the Hall Effect sensor 
aperture. The screws which were needed for the 

connection of the Hall Effect sensor are saved as 
well as the cable that connects the Hall Effect 
sensor to the PCB. 

In combination these changes lead to a reduced 
bill of material and a production time saving. This 
will reduce the inverter costs and improve the 
system reliability. 

 

3.2. Inverter design - PCB 

 

For the new solution the delta sigma modulator IC 
has to be placed on the driver board PCB. In 
Figure 6 a design study for the layout of this IC 
onto the driver board that fits on top of the 
EconoDUAL™ 3 is shown.   

 

Fig. 6: PCB example showing the IGBT driver 

including booster (framed in red), the power supply 

(framed in green) and the delta sigma modulator 

(framed in blue).  

 

The demodulator can either be placed as a 
separate integrated circuit on the control PCB, 
that gathers all current signals or a 
microcontroller-integrated DS demodulator is used 
as described in the first section Figure 1(b). The 
physical space for the delta sigma circuit on the 
PCB in this design study amounts to an area of 
~1.5cm x 5cm = 7.5cm². 
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3.3. Inverter design – thermal aspects 

 

The maximum temperature of the bus bar has to 
be taken into account if using a Hall Effect 
sensor. Typical sensors are specified to operate 
below 85...105 °C housing temperature [1], [4]. 
For a solution using shunts the thermal aspects 
are different. The working principle of the shunt 
current measurement is that the load current 
flows through a resistor and the resulting voltage 
drop is measured. This leads to generation of 
power losses in the shunt resistor. The inverter 
designer has to take care not to exceed the 
maximum shunt temperature of 200°C. In the 
module datasheet, see extract from the 
IFF600B12ME4P_B11 module in Figure 7, the 
important parameters are specified.  

Fig. 7: IFF600B12ME4P_B11 datasheet 
specification for shunt temperature calculation 

 

It is essential to know the heatsink temperature at 
the maximum operation point of the inverter to 
have an accurate shunt temperature estimate. 
Knowing the maximum heatsink temperature the 
temperature of the shunt resistors can be easily 
calculated. In the section “application test” more 
details will be presented. 

 

3.4. Mounting process and system 

reliability 

The new concept that substitutes the Hall Effect 
sensors by shunts inside of the module simplifies 
the mounting process and improves the system 
reliability. A direct comparison of the conventional 
Hall Effect sensors with shunt modules shows 
that many additional advantages of the shunts are 
to be found in the process and design of an 
inverter. The assembly of a Hall Effect sensor to 
the bus bar by screws as well as the connection 
of the cable from the PCB to the sensor adds 
manual working steps that can be prone to failure. 
These steps consume production time and thus 
increase the costs. Furthermore the use of a 
cable-plug connection always comes with some 
obvious manufacturing risks: the plug might not 
be connected properly or can even be left out 
altogether by the operator which leads to a failure 

during final test and additional rework in 
production. 

During the lifetime of an inverter it is possible for 
the plug or connections to become intermittent 
due to vibration that can lead to a unit failure. The 
shunt module on the other hand needs no 
additional mounting steps during production.  

 

3.5. Economic benefits 

 

Hall Effect sensors, especially the closed loop 
type, are very expensive compared to shunt 
resistors. This is not only from the cost 
advantage, coming from the simple replacement 
of “standard module + Hall Effect sensor“ by 
“module with shunt resistor inside” being taken 
into account. Also the cable to connect the sensor 
to the PCB and the AC bus bar design, designed 
to fit through the Hall Effect sensor aperture, 
generate higher costs in the bill of material. In 
addition to that, the assembly time of the inverter 
is reduced with the use of the new solution: no 
sensor has to be placed around the bus bar, no 
screw has to be screwed to fix it and no cable has 
to be placed to connect it to the PCB. For the 
calculation of the economic benefits a reduction 
of the inverter mounting time due to use of the 
IGBT module with integrated shunts by 1.5 
minutes was assumed. Figure 8 shows how much 
the cost of the inverter can be reduced. 

For Hall Effect Sensor: Costs of 3 Modules, 3 Hall Effect Sensors, 

3 Cables, 12 Screws, 1 Hall Sensor Carrier, AC-Bus Bar Part, 1,5 

minutes manufacturing time 

For Shunt Solution: Costs of 3 modules, 3 Delta Sigma 

Modulators, 1 Sigma Delta Demodulator 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Cost saving due to usage of IGBT module with 

integrated shunts (IFF600B12ME4P_B11) compared 

to hall effect sensor solution, assuming production 

costs of 30€ per hour and 1.5 minutes production time 

reduction using the shunt solution.   



It becomes clearly visible that the cost advantage 
can be attractive. For a reference solution using 
open loop Hall Effect sensors the cost reductions 
are in the range of 20 €. If a closed loop Hall 
Effect sensor is the basis of comparison the 
module with integrated shunts can save a value in 
the range of 50 €. 
 

4. Application test with the new 

shunt based module 

 
To evaluate the performance of the new shunt 

based module a thermal test under application 

conditions was performed. The setup is shown in 

Figure 9. 

 

 

Fig. 9: (a) Photograph of the setup used to test the 

performance of the module. (b) Infrared picture under 

application conditions as defined and thermocouple 

position on the heatsink 

 

 

The devices under test are the 
IFF600B12ME4P_B11 modules. Both are without 
gel and painted black for the evaluation of the 
internal temperatures using an infrared camera. 
Additionally thermocouples are placed in the 
heatsink below the middle IGBT of the upper 
system and below the middle shunt. An infrared 
picture showing the temperature distribution of 
the module under application conditions and the 
placement of the shunts is visible in Figure 9. The 
modules were tested in H-Bridge topology under 
the application conditions like described in Figure 
9.  

The temperature of the shunt, IGBT, heatsink and 
ambient is depicted in Figure 10 (a). In Figure 10 
(b) the difference between NTC temperature and 
heatsink temperature below the shunt is 
displayed.  

 

(a)  

(b) 

 
Fig. 10: (a) Temperature of shunt, IGBT, heatsink and 

ambient at maximum operation point for the shunt. (b) 

Difference between NTC Temperature and Shunt 

heatsink temperature  

(a) 

(b) 



At an output current of 390 A the shunt achieved 
the maximum allowed temperature of 200 °C. At 
this operation point, the IGBT junction 
temperature is at 144 °C, very close to its own 
maximum allowed temperature. It can be 
concluded that the dimensioning of IGBT and 
Shunt is well balanced. The difference between 
NTC and Heatsink temperature below the shunt 
can be more than 15K and is dependent on the 
heatsink and operating conditions. Therefore it is 
recommended to perform such a type of test 
during the inverter design phase to find out the 
correct temperature conditions for calculation of 
the shunt temperature. Using the example of 
Figure 7 the shunt temperature can be calculated 
as follows: 

 

TSHUNT = THEATSINK + PLOSSES × RTH_SHUNT_HEATSINK = 

 85 °C + 390² 𝐴² × 0,25𝑚Ω × 3
𝐾

𝑊
= 199°𝐶 

The calculation of the shunt temperature is very 
close to the measured value.  
 

In Figure 11 the symmetry of the paralleled 

shunts and IGBT’s is shown.  

 

 
 

Fig. 11: (a) Picture of the Infrared Camera during 

operation of the module. (b) Evaluation of the single 

paralleled shunt and IGBT. 

The IFF600B12ME4P_B11 module design leads 
to a very symmetrical load in the shunts and 
IGBT’s during operation. The temperature 
difference between the single shunts is below 9K. 
The shunt in the middle is at a lower temperature 
compared to the other two shunts. This can be 
explained by the different position of the resistors; 
the shunt in the middle is not as close to the AC 
output compared to the two outer ones. The 
temperature difference between the three 
paralleled IGBT’s is below 3 K.    
 

Summary 
 

The advantages of using shunt resistors 
integrated in the power module instead of Hall 
Effect sensors for inverters at power ranges 
higher than 75 kW is presented. The economic 
and technical benefits are described in detail. The 
inverter costs can be reduced by 20 € compared 
to a system with open loop Hall Effect sensors 
and by 50 € compared with closed loop Hall 
Effect sensors. The system reliability with the new 
solution will be increased due to lower quantity of 
components, cables and connectors. The 
electrical and thermal performance in a real 
application is explained.  

In the application the new IFF600B12ME4P_B11 
shows a very symmetrical design of the paralleled 
IGBT’s and shunts and the parts are well 
balanced. The design engineer can calculate the 
shunt temperature using the values specified in 
the module datasheet and the heatsink 
temperature. 
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