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heat. Further testing could involve ensuring the cell voltages 
are reported correctly, that the cells are balanced, and/or that 
the cooling and temperature monitoring sensors are working 
properly. 

Pack Production Testing

Pack level testing is done after the pack has completed, or 
is at least very close to, the point of final assembly, or end 
of line (EOL). At this stage, the pack must complete a full 
batch of tests to ensure proper functioning of every major 
pack subsystem (functional testing). These tests include 
simple pinout and continuity checks, confirming proper 
relay operation, testing functionality of safety devices such 
as high voltage interlocks, carefully measuring the isolation 
resistance under high potential (hi-pot testing), and testing 
proper communications and operation of the BMS. 

After EOL functional testing is completed, packs may also 
be subjected to charge/discharge cycling and drive profile 
cycling, which will simulate the typical conditions the pack 
will see when integrated into the EV drivetrain. Packs can 
also be run through active cell balancing routines to set each 
cell’s initial charge state to a nominal condition or set the 
Pack SoC to a level appropriate for shipping and storage. 

EV BATTERY PACK TESTING SOLUTIONS

Once you have decided where you are testing and what you 
are testing, you need to determine how you will be testing. 
Since every battery pack design has unique elements, 
and since testing requirements vary accordingly based on 
agreements between the manufacturer and end user, in 
reality, there is no one-size-fits-all solution for everyone’s 
battery pack testing needs. 

Off-the-Shelf Testing Solutions

That being said, some portions of the testing, such as charge/
discharge/drive cycle evaluation, are standardized. As such, 
pre-packaged, off-the-shelf hardware and software solutions 
exist for these particular test steps. These systems typically 
use only the positive and negative output terminals, as these 
are the only elements common to every battery pack. These 
turn-key systems may even allow you to add in options 
required to test components and functions specific to your 
battery pack, such as CAN communications, external relay 
activation, etc. 

When considering off-the-shelf systems for use in your test 
plan, make sure to ask yourself these three basic questions: 
1.	 Are you getting everything you need just the way you want 

it, or are you settling for what the other person needs? 

https://ets-lindgren.com
https://ets-lindgren.com
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2.	 Are you using everything you 
will pay for, or are you paying 
for things you won’t use? 

3.	 Is it flexible enough to 
accommodate your future 
needs but not so flexible that it 
becomes cumbersome to use? 

Arguments for a Customized, 
Modular Test System Approach

Building a functional test system 
tailored to your battery pack and 
your specific testing needs often 
sounds like a more costly and 
time-consuming approach, and 
it can be. However, the route 
you take to achieve that end goal 
makes a world of difference in the 
outcome and in long-term ROI.

Choosing a modular hardware 
and software testing platform 
tailored to meet your 
requirements can be used to 
jump start this approach, making 
it a very viable option. This is 
especially true if the platform 
you choose leverages proven 
commercial technologies and 
open industry standards. 

In the end, this modular 
platform-based testing approach 
can have several benefits: 
1.	 It can dramatically lower the 

cost of the test system, both 
in initial capital expenditure 
and overall cost of ownership, 
through the use of commercial 
technologies and standards. 

2.	 It can increase your test 
throughput with fast 
measurement hardware and 
software capable of managing 
multiple test routines in 
parallel. 

3.	 The time required to adapt 
such test systems for new 
products will decrease through 
the use of flexible, modular 
software and hardware. 

4.	 You can get exactly what you 
need, the way you want it. 
You can get everything you 
paid for and your test station 
will be flexible, without being 
cumbersome to use. 

5.	 The system is tailored to 
your product and workflows, 
resulting in a simplified user 
experience, shorter learning 
curve, and corresponding 
personnel time savings.

A PLATFORM APPROACH

The preceding sections describe 
the challenging problem 
statement of thoroughly testing a 
complex, high power system like 
an EV battery packs and BMS. 

It is highly desirable to achieve 
standardization, cohesion, and 
efficiency of testing throughout 
the EV component product cycle 
and during inevitable future 
product evolution. It is best to 
take a platform-based approach 
to address this testing challenge 
to achieve this. This means 
establishing a unified suite of 
test equipment built on common 
reusable building blocks (both 
hardware and software) and 
utilizing various configurations 
of this platform to cover testing 
of battery cells, modules, packs 
across various testing regimes 
(R&D, validation, HIL, 
production, and lifecycle tests).

This requires incorporating 
reliable software and hardware 
architectures and flexible and 
reliable subsystem components, 
which can be customized to 
specific use cases and changing 
requirements. Utilizing high-
quality COTS (commercial 
off-the-shelf) hardware 
assembled from best-in-class 
instrumentation vendors typically 
improves system performance, 

reliability, and maintainability 
while significantly reducing the 
engineering effort involved in 
deploying the system.

CONCLUSION

Battery packs used in today’s EVs are 
complex systems designed to provide 
safe and efficient electrical power. 
As such, a comprehensive testing 
strategy to evaluate possible safety 
and performance considerations 
is essential to the battery pack 
manufacturing process. However, 
testing requirements often vary from 
manufacturer to manufacturer and 
from one battery design to another, 
further complicating the testing 
process. Using a customized modular 
test system can be an efficient, cost-
effective approach to conducting 
necessary battery pack testing in a 
manufacturing environment. 

http://www.CertifiGroup.com
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EVALUATION OF EMC EMISSIONS AND 
GROUND TECHNIQUES ON 1- AND 2-LAYER 
PCBs WITH POWER CONVERTERS
Part 9: AC/DC Converter – EMC Countermeasures – Conducted and Radiated Emissions Results

By Bogdan Adamczyk, Scott Mee, and Nick Koeller

Author’s Note: This month’s column is Part 9 of our ten-
part series devoted to the design, test, and EMC emissions 
evaluation of 1- and 2-layer PCBs that contain AC/DC
and/or DC/DC converters and employ different ground 
techniques [1-8]. In this part, we continue to focus on 
the AC/DC power converter board (2-layer PCB). 
We evaluate the implementation of several EMC 
countermeasures and present the conducted and radiated 
emissions results performed according to the CFR Title 47, 
Part 15, Subpart B, Class B.

1. INTRODUCTION

In Part 8, we evaluated the performance of the 
baseline AC/DC converter. The baseline AC/DC  
converter had only the components needed for 
functionality and did not have any specific EMC 
components populated. The results showed multiple 
failures in both radiated and conducted emissions. 

Here, we present a systematic approach to improve 
these failures by populating the PCB with optional 
EMC countermeasures on component pads that have 
already been designed into the PCB layout and show 
their impact on the radiated and conducted emissions. 
The EMC countermeasures are illustrated in Figure 1 as 
purple dashed boxes labeled EMC-A through EMC-F. 

We’ll first look at conducted emissions results, followed 
by radiated emissions results, and conclude with what 
you can expect in next month’s column, Part 10.

2. CONDUCTED EMISSIONS RESULTS 

Conducted emissions were measured in the frequency 
range of 150 kHz – 30 MHz. The conducted 
emissions results show multiple failures up to the 
frequency of 20 MHz, as shown in Figure 2a. The 
failures are comprised of the fundamental switching 
frequency (~ 270kHz) and the subsequent harmonics. 
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In an attempt to reduce these emissions, we began 
with the front-end filtering components (EMC-A) 
such as Y-capacitors (C13, C17) of the value 0.022µ, 
between line (L-Filter) and protective earth (PE), and 
neutral (N_Filter) and PE and an X-capacitor (C15) of 
the value 0.1µF, between the line and neutral.

The conducted emissions measurement taken with these 
countermeasures populated is shown in Figure 2b. 

As the plot in Figure 2b shows, the capacitors decrease 
the emissions by 4-15 dB, over the entire frequency 
range. There was only one quasi-peak failure at 

http://www.gvsu.edu/emccenter
mailto:adamczyb@gvsu.edu
mailto:scott@e3compliance.com
mailto:nick@e3compliance.com


   FEBRUARY 2022    IN COMPLIANCE  |  43   

255 kHz (still reduced by about 5 dB from baseline). 
There are still several failures over a broad range of 
frequencies when measured with the average detector.

Next, a Schaffner RN112-0.5-02-27M 
common-mode choke (L3) was added. 
The results are shown in Figure 3.

The addition of the common-mode 
choke eliminated the quasi-peak failure 
and lowered the emissions mainly below 
1 MHz. It may be possible with further 
study to reduce conducted emissions 
by evaluating different common-mode 
chokes. However, we chose to focus on 
other EMC design controls to make 
further reductions.

Next, a 100 Ω gate resistor (R9) for 
Q1 (switching MOSFET) was added 
(EMC – C). The results are shown in 
Figure 4.

The main impact of the gate resistor was above 
1 MHz, resulting in a 2-5 dB reduction in emissions. 
Further adjustments to the gate resistor R9 or R14 

Figure 1: AC/DC schematic with EMC countermeasures

Figure 2: Conducted emissions results: a) baseline b) with X cap (C15 = 0.1uF) & Y caps (C13 = C17 = 22nF)

Conducted emission results legend
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least a 6dB margin to the required emissions limit to 
account for lab-to-lab variation and component/build 
tolerances. Therefore, a snubber was added across the 
Drain to Source pin of the switching MOSFET Q1 
(EMC – D) consisting of R17 = 10 Ω, C27 = 330 pF 

were not evaluated in conducted emissions, pending 
the measurements of radiated emissions.

Next, the Y capacitor values (C13 & C17) were 
increased from 0.022 µF to 0.033 µF (EMC-A). 
The results are shown in Figure 5.

This change eliminated 
the remaining conducted 
emissions failures.

3. RADIATED EMISSIONS 
RESULTS 

Radiated emissions were 
measured in the frequency 
range of 30 - 300 MHz. As 
we have already identified the 
countermeasures that need to 
be added to resolve conducted 
emissions failures, we start 
radiated emissions diagnostics 
with all of the required CE 
modifications populated as 
per Figure 5. Figure 6a shows 
the baseline results (DUT 
with the conducted emissions 
modifications). 

In order to reduce the failing 
emissions further, two stitching 
caps (EMC – E) C21 and C23 
of the value 1000 pF were 
added. The stitching capacitors 
tie the secondary back to the 
primary at high frequency, 
allowing noise currents to 
return to their source more 
directly rather than through 
the air, thus reducing the 
radiated emissions. The result 
was the reduction in emission, 
as shown in Figure 6b. 

At this point, failures can still 
be observed in the vertical 
emissions between 30MHz – 
35MHz, and the margin of the 
emissions around 35-40MHz 
and 80MHz isn’t sufficient. 
We typically want to see at 

Figure 3: Conducted emissions results: X cap (C15 = 0.1uF) & Y caps (C13 = C17 = 22nF) and CMC (L3 = 
Schaffner RN112-0.5-02-27M) 

Figure 4: CE results: X cap (C15 = 0.1uF) & Y caps (C13 = C17 = 22nF) CMC (L3 = Schaffner RN112-0.5-02-
27M), Gate Drive Resistor (R9=100Ω)

Figure 5: CE results: X cap (C15 = 0.1uF) & Y caps (C13 = C17 = 33nF), CMC (L3 = Schaffner RN112-0.5-02-
27M), Gate Drive Resistor (R9=100Ω)
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to further reduce the emissions. The results are shown 
in Figure 7.

The addition of the snubber resulted in the device 
passing the radiated emission test with sufficient 
margins. The cumulative changes resulted in passing 
both conducted & radiated emissions results. Front 
end filtering through the use of X and Y capacitors 
along with a common mode choke provided a 
significant improvement 
in conducted emissions. 
Adjusting the Q1 gate resistor, 
adding a snubber across Q1 
Drain-Source and stitching 
capacitance all made significant 
improvements in radiated 
emissions. If further radiated 
or conducted emissions 
reductions were needed, some 
experimentation with R14 
(turn off Q1 gate resistance) 
could be evaluated. All design 
changes are recommended 
to be evaluated for potential 
design trade-offs with other 
requirements such as thermal 
power dissipation, functionality 
over temperature and input 
voltage variations as well as 
other EMC requirements 
(including immunity).

4. FUTURE WORK

Next month’s column will 
focus on three PCB layouts 
that all have a common 
schematic (AC/DC converter + 
DC/DC converter + Digital 
microcontroller), but different 
PCB layouts that have 
the low voltage secondary 
ground references modified. 
The conducted and radiated 
emissions will be evaluated 
between three GND reference 
strategies: 1) a single layer 
ground, 2) two layer ground 
reference with trace routes on 
the secondary layer, 3) two layer 
ground reference with a solid 

ground plane. The evaluation of these three approaches 
will help understand the trade offs between ideal and 
less than ideal GND reference designs. 

REFERENCES

1.	 Adamczyk, B., Mee, S., Koeller, N, “Evaluation of 
EMC Emissions and Ground Techniques on 1- and 
2-layer PCBs with Power Converters,” Parts 1-8 
available on https://incompliancemag.com.

Figure 6: Radiated emissions results: a) baseline with CE modifications b) with added C21 & C23 caps = 
1000 pF 

Figure 7: Radiated emissions results with a snubber R17 = 10 Ω, C27 = 330 pF added across switching 
MOSFET Q1
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