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Things To Talk About
• What is power?
• Why do we use it?
• How do we make it?
• How to measure it?

• Why does it matter???

• Especially for us in 6.9000?
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No Grid Connections in 6.900

• Our systems need to bring their power with 
them AND/OR harvest it from environment
• Therefore...must be intimately aware of how 

we consume and produce and store energy 
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Power Grid

Easy Project

No Challenge

Not Fun

Not EFI
6.900
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Fulfilling Project

Not 6.900
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And Even If Connected to Grid...

• Immense strain is being placed on the grid 
by recent developments in the field:
• Electric Vehicle Charging infrastructure
• Server/Compute Centers
• And many more!
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Power Grid
Non-AI Data Center

AI Data Center #1

https://www.shutterstock.com/image-illustration/little-piglets-suckling-their-mother-253479343
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EV Charging 
Cloud Infrastructure 
AI Data Center #2

AI Data Center #3
Server Farm



All Computation Requires Power!
• Power is related to energy
• All computation uses energy
• For a given computational technology…
• The more computation you do, the more energy you use
• The faster you do your computation, the more energy 

used per unit time, the more power your system uses

• Implications of this can vary
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Computation Energy Consumption
• Early computer ENIAC (~1945)...entire computer 

consumed about 150 kW of power
• Worked at an efficiency of around 10!"Joules per 

bit
• State-of-the-art processors are using around 
10!#$Joules per bit 
• Does not mean gov’t scale computers are currently 

using 150 nW of power...
• We “cancel out” every improvement in computing 

efficiency by just trying t do more computing. 
• Modern data centers can consume over 100 MW of 

power now.
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Lower Limit on Computation
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• There is nominally a lower limit: it  takes about 𝟑×
𝟏𝟎!𝟐𝟏	Joules to erase a bit no matter what
• Called Landauer Limit
• Experimentally shown in 2012 (Berut et al., Nature 2012)

• State of art processors are using about 𝟏×𝟏𝟎!𝟏𝟓	Joules-ish per 
bit flip
• Between those two numbers are the inefficiencies and 

limitations of circuits
• People actively working on pushing towards that 

limit!...many people at MIT.
• Doesn’t mean future is “solved”...since we’ll just end up 

trying to do more computation...so these concepts are 
relevant!!!

https://spectrum.ieee.org/computing/hardware/landauer-limit-demonstrated
https://en.wikipedia.org/wiki/Landauer%27s_principle
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Remember Ohm’s Law Has a Sign
• We all know Ohm’s Law, but we 

should make sure to remember 
that it has an orientation 
associated with it

• This orientation underlines the 
point that current naturally flows 
downward along the voltage 
gradient (from area of high 
potential to low potential)

• A resistor “consumes” power
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𝑹 𝒗

𝒊

+

−

𝒗 = 𝒊 ' 𝑹



Power
• Voltage: (Joule per Coulomb):
• PE drop per unit charge

• Current: (Coulombs per sec):
• Charge per unit time

• Power consumed:
• Product of Voltage across and 

Current through  a device 

𝑝 = 𝑣 $ 𝑖

𝑝 =
Joule

Coulomb $
Coulomb
sec =

Joule
sec = Watt
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grey box 

represents an 

arbitra
ry 

component 
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𝒗

𝒊

+

−



Tellegen’s Theorem
• In any circuit, the sum of all 

component powers must be 
0 (you have to keep signs 
consistent for each 
component) 
• For a circuit with 𝒏 

components you have this 
equation:
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https://en.wikipedia.org/wiki/Tellegen%27s_theorem

𝒗𝟒

+

−

𝒗𝟏

+

−

𝒊𝟐

𝒊𝟏 𝒊𝟒

𝒗𝟐+ −

𝒗𝟑

+

−

𝒊𝟑

𝟎 =)
𝒊&𝟎

𝒏

𝒊𝟐 ' 𝒗𝟐



Implications…
• If 𝟎 = ∑𝒊&𝟎𝒏 𝒊𝟐 $ 𝒗𝟐 and  we know that some 

components will have positive power (resistor for 
example), does that mean that some components 
will have negative power?

• Yes…but what does that mean?
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Power
• Voltage: (Joule per Coulomb):
• PE drop per unit charge

• Current: (Coulombs per sec):
• Charge per unit time

• Power consumed:
• Product of Voltage across and 

Current through  a device 

• If p>0, it consumes power
• If p<0, it supplies power

𝑝 = 𝑣 $ 𝑖

𝑝 =
Joule

Coulomb $
Coulomb
sec =

Joule
sec = Watt
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grey box 

represents an 

arbitra
ry 

component 
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𝒗

𝒊

+

−

PASSIVE SIGN NOTATION



Caveats
• The sign of power is great from a 

theory perspective and in deducing 
what devices are 
supplying/consuming power
• However in life, we usually know 

what components are supplying or 
consuming power a priori.
• So generally power-supplying 

devices will have their currents 
documented and specified as going 
from the output of their + 
terminal!!!!
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𝒗

𝒊

+

−

𝑝 = 𝑣 $ 𝑖

• If p>0, it consumes power
• If p<0, it supplies power



Example: USB-C Socket
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≈ 𝒗𝒖𝒔𝒃

𝒊𝒖𝒔𝒃

+

−

+
−

VBUS

GND 𝑝*+, < 0

𝑣*+, ≈ 5V
𝑖*+, < 0A

For example: 𝑖,-. = −100mA

In Normal Operation:

“𝑝*+,” > 0

𝑣*+, ≈ 5V
𝑖*+, > 0A

For example: 𝑖,-. = 100mA

In Normal Operation:

≈ 𝒗𝒖𝒔𝒃

𝒊𝒖𝒔𝒃

+

−

+
−

VBUS

GND



ESP32 C3 Devkit M1

• This is the development board we’ve used in classes 
like 6.1903/4 and which we’ve even used in 6.900 in 
the past.
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Actual ESP32

Linear Regulator

RGB LED

USB-UART interface

Power LED



Example: ESP32 C3 M1 Dev Board
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𝐄𝐒𝐏𝟑𝟐USB

𝑉// = 5.0	V	

𝑣0 = 0
GND

𝑖$%&'(

3.3	V	Linear
Regulator

𝐂𝐏𝟐𝟏𝟎𝟐 𝐋𝐄𝐃

𝑖)*+ 𝑖,-).𝑖/+0120

𝐄𝐒𝐏𝟑𝟐	𝐂𝟑	𝐃𝐞𝐯𝐤𝐢𝐭

𝐑𝐆𝐁

𝑖,34

𝑖$%&'(

𝑖,-). ≈ 0.5mA 𝑖/+0120 ≈ 0.9mA 𝑖,34 ≈ 0**

𝑖)*+ ≈ 18.4mA* *based on mode of operation
**if off



ESP32 C3 6.900 Board
• The board we’re using in this class this term...
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System state circa end of week 2



Example: ESP32 C3 6.9000 Board
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𝐄𝐒𝐏𝟑𝟐

𝑉// = 5.0	V	

𝑖5%5&6

3.3	V	

𝑖)*+ 𝑖3-).

𝐄𝐒𝐏𝟑𝟐	𝐂𝟑	𝟔. 𝟗𝟎𝟎𝟎	𝐁𝐨𝐚𝐫𝐝𝑖$%&'(

𝐋𝐄𝐃USB

BMS	

𝐁𝐚𝐭𝐭𝐞𝐫𝐲

5.0	V	

𝑣.122	**

𝑖$&55

Linear
Regulator

When plugged into the USB supply.... 

** variable as it charges Sign of 𝑝!"##?

𝑣0 = 0
GND

+

−

+



Example: ESP32 C3 6.9000 Board
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𝐄𝐒𝐏𝟑𝟐

𝑣0 = 0
GND

𝑖5%5&6

3.3	V	

𝑖)*+ 𝑖3-).

𝐄𝐒𝐏𝟑𝟐	𝐂𝟑	𝟔. 𝟗𝟎𝟎𝟎	𝐁𝐨𝐚𝐫𝐝𝑖$%&'(

𝐋𝐄𝐃

BMS	

𝐁𝐚𝐭𝐭𝐞𝐫𝐲

𝑖$&55

Linear
Regulator

When NOT plugged into the USB supply.... 

** variable as it discharges Sign of 𝑝!"##?

𝑣.122	**

+

−

-

𝑣.122	**



On Project...How much power will 
be getting used?
• Computation?
• Sensors?
• Communication?
• Actuators/displays/indicators?
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Where to Get Power 
Consumption Numbers?
• Always go to the datasheets first to get rough ideas 

of power needs.
• This is never the actual answer, but it can help you 

rule out (or in) things
• Rough order of magnitude (based on previous 

6.900 projects) Current consumption:
• ~ 𝐧𝐀, 𝛍𝐀 likely will not matter
• 𝟏 − 𝟏𝟎	𝐦𝐀	maybe is fine
• 𝟏𝟎 − 𝟏𝟎𝟎	𝐦𝐀	 that’s a lot of power! CAUTION!
• > 𝟏𝟎𝟎	𝐦𝐀 that’s a crazy amount of power consumption
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Temperature and Humidity Sensors
• Depending on what you pick... These can be pretty 

tame. 
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😂 this is so small it is wild



Camera

• These can use a lot of power
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Camera
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Power consumption can be data dependent!!!
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OV5640 Camera Running and Exposed:

OV5640 Camera Running and Covered:

Achieve a ~30% drop in 
power consumed by 
camera and FPGA 
based off of the *type* 
of data transferred 
through the system



Time-of-Flight Sensors

2/24/26 6.9000 Spring 2026 26
https://www.pololu.com/product/2490



XM125
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XM125
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From their datasheet



Communication in General?
• Wireless communication is, in general, extremely 

power-intensive and “wasteful”
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Transmitter

Broadcast 
message using 
a lot of power

Receiver

Recover a 
small fraction 
of that energy 

and extract 
information



WiFi, for example...

• Energy recovered from wireless router to your 
computer is on the order of <1%

• The rest just gets bounced around and warms 
things up
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Extreme Cases
• Wireless communication is, in general, extremely 

power-intensive and wasteful
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New Horizons Space 
Probe
Transmits 12 W signal 
back to Earth
On X-band (8.4 GHz)

Pluto

Earth

By time/distance signal reaches earth
Strength is -220 dBm or about or 
about 10-22 mW

At that this distance, you’re actually 
below thermal noise levels

3.53 billion miles, 4.5 hours transit time for EM radiation 



Extreme Cases
• Antennas help a lot here, but still not easy
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Super directional antenna 
makes sure as much 
energy as possible gets 
focused to earth

Pluto

Earth

Use a 70 meter in diameter dish to 
harvest enough signal energy to get 
info out of it

3.53 billion miles, 4.5 hours transit time for EM radiation 



ESP32 C3 Power Modes with Transmission
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• There’s about four of them power modes depending on 
who you talk to.



These Huge Current Spikes are also...
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𝒗𝑬𝑺𝑷𝟑𝟐

+

−

𝟐. 𝟖𝐕

+

−

𝒊

𝑹𝑪𝒓𝒂𝒑𝒑𝒚	𝑾𝒊𝒓𝒊𝒏𝒈

+ −

𝑹𝑪𝒓𝒂𝒑𝒑𝒚	𝑾𝒊𝒓𝒊𝒏𝒈

𝒗𝑷𝒂𝒓𝒂𝒔𝒊𝒕𝒊𝒄

+−
𝒗𝑷𝒂𝒓𝒂𝒔𝒊𝒕𝒊𝒄

• Why some of you had issues with your ESP on 
startup or on connecting to WiFi

When 𝑖 spikes on 
startup or WiFi 
negotiation parasitic 
drops develop and KVL 
tells us that 𝒗𝑬𝑺𝑷𝟑𝟐 will 
dip...ESP32 freaks out 
and reboots



Even if you have your parasitic losses 
under control...
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• You still need to use all this power!



LoRa?
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• LoRa is “low power” in the relative sense...a lot of 
modules I was looking at still pull legit amounts of 
power.



LoRa • Need to experiment with antennas and 
things (
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Displays?

• Some of the teams are looking at displays because 
people apparently matter and may need to 
“engage” with the “community”

• Those can use a lot of power!!!
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Displays are just wireless communication 
systems

• Wireless communication is, in general, extremely 
power-intensive and “wasteful”
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Transmitter
Screen

Broadcast 
message using 
a lot of power

Receiver
Eyeballs

Recover a 
small fraction 
of that energy 

and extract 
information



Different Types

• LCD?  Uses a ton of power all the time

• OLED uses decently less power all the time, but more 
money

• E-Ink uses waayy less power on average, but has large 
power spikes on refresh and sacrifices in other ways

• Gotta figure that out.
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Computation in General

• We haven’t even started talking about computation 
yet...do that next week on Tuesday

• That can use a ton of power
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Conclusion on Power Consumption!
• You should always refer to datasheets
• For example, the ESP32C3 datasheet reports the 

following:
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BUT...
• Datasheets are somewhat based in fact, but they 

should always be viewed cautiously.
• They are to a certain extent propaganda.
• Also many devices are so so so so complicated, it 

can often be difficult to suss out exactly what they 
mean when a number is reported.
• Power is also an extremely complicated field. You 

can have models for every part but they can all 
impact one another in real life so any extrapolation 
needs to be used cautiously.

• No alternative for in vivo measurements!
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So...How Do You Measure Power?
• Is a Complicated Question
• Electrically we need to do determine: 𝑝 = 𝑣 $ 𝑖
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𝒗𝑳𝒐𝒂𝒅

𝒊𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅



How Do You Measure Voltage?
• This one is easy-ish.  You can use a voltmeter or an 

Analog-to-Digital Converter (ADC) and measure in 
parallel
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𝒗𝑳𝒐𝒂𝒅

𝒊𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅

ADC



Tons of great ADCs out there
• Tons of fantastic, robust technologies exist at various price 

points
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Texas Instruments’ ADS1282 31 bit ADC, capable of 4ksamp/sec ($20):

Analog Devices’ AD9215 10 
bit ADC, capable of 
105MSamp/sec ($20):

Texas Instruments’ radiation-
hardened ADC12DJ5200
 12 bit ADC, capable of 
10.5Gsamp/sec ($30,000):



ADCs

• High Sample Rate
• High Resolution
• Low Cost
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Pick two



How Do You Measure Current?
• Voltage is quite easy to measure.  We have 

extremely sensitive voltage measurement devices 
out there.
• Current is actually a lot harder
• How to measure?
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Coils
• Historical way to measure 

current is with a coil of 
some form 
• Current induces magnetic 

field, this would make some 
sort of change

• Hard to interface to other 
systems
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Hall Effect Sensors
• Similar idea to coils
• Expose a flow of current to 

a magnetic field
• The charge carriers will drift 

in the magnetic field due to 
the Hall Effect
• This drift will result in a 

measurable voltage…from 
that back out the current
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https://en.wikipedia.org/wiki/Hall_effect



Both Coils and Hall Effect Sensors
• Neither Ideal for embedded systems.

• Coils and Hall Effect sensors really need current up 
into the mA or 10’s of mA to get decent 
numbers/resolution. So in a lot of higher-power 
situations, these can help with power 
measurement.

• In embedded systems, we need lower range and 
improved resolution!
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Use a Current-to-Voltage Converter
• We have good ADC’s!
• What if we could have a device convert the current 

into a voltage! Then we could measure it!
• What type of magical device could do this sort of 

behavior for us? It would need to...
• Take a current…
• Reliably convert that current into a voltage…
• Perhaps ideally in a linear fashion???
• ???
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How Do You Measure Current?
• Solution:
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𝒗𝑳𝒐𝒂𝒅

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅

𝑹𝑺𝒆𝒏𝒔𝒆

ADC
𝒗𝑺𝒆𝒏𝒔𝒆

+

−



Characteristics of this Resistor?
• Value is known to a high precision

• Small? Pros/Cons? What is Small?

• Large? Pros/Cons? What is Large?
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How Could You Do This IRL?
• You could build a circuit to do this!  However for it to 

work with very low powers you’d really want:
• Very high precision op amps
• ADCs
• Resistors!
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USB “Safety” Tester
• They make these power meters you can get for USB 

ports
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𝒊𝑺𝒐𝒖𝒓𝒄𝒆 = 𝟒𝟎𝐦𝐀

𝒗𝑼𝑺𝑩 = 𝟓. 𝟎𝟏𝐕

+

−

Co
m

pu
te

r

De
vi

ce



USB “Safety” Tester

• Crack it open...
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Operation
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50 mOhm sense resistor...why so 
physically big?

Simple 8 bit Holtek 
microcontroller with 
built-in ADC...drives 
OLED, does math, makes 
measurements

Some sort of instrumentation 
amplifier I think...part number 
intentionally or unintentionally hard 
to read



Limited Resolution
• Resolution on this is only in 10’s of mA
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𝒊𝑺𝒐𝒖𝒓𝒄𝒆 = 𝟒𝟎𝐦𝐀

𝒗𝑼𝑺𝑩 = 𝟓. 𝟎𝟏𝐕

+

−

Co
m

pu
te

r

De
vi

ce



Resistor Choice....
• The Bigger the resistor in ohms, the better your current 

resolution (since you get more volts per amp), but....
• ...The more you disturb your system (not good)...so you 

want better amplifiers/ADCs, less noise.
• You could build a circuit to do this!  However for it to 

work with very low powers you’d really want:
• Very high precision op amps
• ADCs
• Resistors!

• You could also buy some chips that do this all in one!
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Texas Instruments’ INA260
• Chip (costs few buckos)
• Monitor down to 1.5 mA 

Current
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PRECISION INTEGRATED SHUNT



Texas Instruments’ INA260 et al
• Chip (costs few buckos)
• Monitor down to 1.5 mA Current
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Pinout

• Prioritize low-
resistance electrical 
path for signal we’re 
measuring!
• Minimizes parasitic 

resistance
• Minimizes heating 

(which can result in 
thermal noise)!

2/24/26 6.9000 Spring 2026 63

Path through 
which current to 
be measured 
flows
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JouleScope
• Device we’ll use in Lab 5 (-ish) soon to measure our 

devices and which you’ll need to use heavily to 
characterize your system
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https://www.joulescope.com/



Very Nice Readout

2/24/26 6.9000 Spring 2026 66

Application GUI…can readout and do all the stuff.



High Resolution in V, I , and P and in time!
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Application GUI…can readout and do all the stuff.



Where to Measure?

• High-Side:

• Low-Side:
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𝒗𝑳𝒐𝒂𝒅

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅

𝑹𝑺𝒆𝒏𝒔𝒆

ADC

𝒗𝑺𝒆𝒏𝒔𝒆+ −

𝒗𝑳𝒐𝒂𝒅

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅𝑹𝑺𝒆𝒏𝒔𝒆

ADC

𝒗𝑺𝒆𝒏𝒔𝒆 +−



Joule Scope OK with That

• High-Side

• Low-Side
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Where to Measure?

• High-Side:

• Low-Side:
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𝒗𝑳𝒐𝒂𝒅

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅

𝑹𝑺𝒆𝒏𝒔𝒆

ADC

𝒗𝑺𝒆𝒏𝒔𝒆+ −

𝒗𝑳𝒐𝒂𝒅

+

−

𝒗𝑺𝒐𝒖𝒓𝒄𝒆

+

−

𝒊𝑳𝒐𝒂𝒅𝑹𝑺𝒆𝒏𝒔𝒆

ADC

𝒗𝑺𝒆𝒏𝒔𝒆 +−

Generally preferred



So in Upcoming Lab you’ll use the 
Joulescope to measure…
• Regular LED resistor
• ESP32 Flashing LED
• ESP32 in different modes of operation
• Behavior/Output of Photovoltaic Cell…

• And then for the project you will need to use this for 
characterizing your system in whole and in parts!
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Take Take Take, Use Use Use

• What about Giving and/or Producing?

• Only talked about consuming power so far

• How can we make produce power?
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POWER

POWER

MUST



Batteries
• No matter what you’ll all be needing to use batteries. 

• Batteries provide a way to store energy chemically and 
then release it electrically

• Two main classes of battery:
• Primary Cells (irreversible chemical àelectrical energy)
• Secondary Cells (reversible chemical ßà electrical energy)

• Within those classes are tons of 
subclasses/variations/etc...
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Battery Voltage
• All batteries are basically two electrodes 

of differing materials connected by 
some sort of ionic juice. 

• Combinations lead to battery voltages: 
• NiMH: 1.2 V
• Alkaline: 1.5 V
• Lemon (w. copper/zinc): 0.906V
• Lead-Acid: 2.10V
• Copper-zinc-lemon: 1.5V
• Lithium-manganese dioxide: 3.0 V
• Li-Ion and Li-Poly: ~3.7 V

• Can increase battery voltage by placing 
cells in series
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Batteries Capabilities
• Batteries only vaguely resemble voltage sources or 

current sources. They are far from ideal!
• Wide differences in:
• Nominal voltage
• Current capability
• Energy capacity
• Energy density (J/kg or J/m3 or Wh/m3)
• Charge/Discharge characteristics
• Renewable or one-time

• Hugely active area of research
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Characterizing Batteries
• We generally characterize batteries by:
• The voltage they produce
• Their capacity

• There are lots of caveats and additional 
characteristics, though:
• Charge/discharge rate
• Temperature Ratings
• Instantaneous Current Ratings

Example:

All car batteries are 12V
But they can vary widely in capacity and 
Cold-cranking amps, the number of amps it can deliver
When at 32 degrees Fahrenheit
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Battery Capacity
• Measure it in milliamp-Hours (or Amp-Hours for bigger 

ones)
• If a battery is rated for 100 mAh it means it can deliver 100 

mA of current at its specified voltage for one hour…or 50 
mA at its specified voltage for two hours…or 10 mA at its 
specified voltage for 10 hours, etc… *

• Depends on chemistry and size
• Li AA: 2500-3400 mAh

• CR2032 (coin cell)
• ~200 mAh

• Lithium-Ion
• Variety of sizes
• iPhone 6: 1810 mAh
• Apple watch: 205 mAh

Alkaline batteries

http://www.techradar.com/us/news/wearables/apple-watch-battery-size-mah-1291964
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Capacity/Energy
• Integral of Power 

Consumed over time

• If Voltage and Current 
are constant over time:

𝐸(𝑡) = &
0

2
𝑃 𝜏 𝑑𝜏

𝐸(𝑡) = &
0

2
𝑉(𝜏) + 𝐼(𝜏)𝑑𝜏

𝐸 = 𝑉 $ 𝐼 $ Δ𝑡

𝑃(𝑡) = 𝑉(𝑡) + 𝐼(𝑡)
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Our 6.900 Battery
(3400 mAh @~3.7V) 
contains 44,000 Joules when fully 
charged
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Battery

• This seems so nice and 
easy to think 
about…3.7 V when it is 
on, 0V when it is off

• But in real life it isn’t so 
clean and nice…L

Li-Ion
3400	𝑚𝐴ℎ

3.7V

-

+
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Battery

+

Sometimes use one on the right too
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Voltage of 350 mAh 3.7V battery
Discharge Curve:

(Voltage of battery over time, constant current draw)

This is far from a constant 
output voltage
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Changes over time L
6.9000 Spring 2026

time



Battery discharge curves
• Rated capacity depends on how 

quickly the cell is discharged
• Discharge (and charging) rates in 

units of “C”
• 1C = discharge 1× capacity in 1 hr
• 2C = discharge 2× capacity in 1 hr
• Etc.

• Different battery types vary in 
max 

     discharge current

http://www.richtek.com/battery-management/en/designing-liion.html

2000 mAh cell
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Fuel Gauge Chips
• The desire to know what your battery % is so great 

that companies produce “fuel gauge” chips to 
address this.
• These often use proprietary “algorithms” to “learn” 

and estimate battery capacity based off of long-
term voltage and/or current analysis of the battery.
• A number of manufacturers have rebranded their 

chips as using “ML” or “AI” though it is usually just a 
higher order polynomial fitter and some lookup 
tables, but shhhhh that’s just between you and me.
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One example...
• BQ27421 by TI
• Monitors battery voltage and current and can 

report back over I2C an actual SOC (%) of battery!
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Has one of the worst datasheets
• Good chip, awful datasheet
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Actual resolution of their PDF 
datasheet
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Have to “train”/”teach” chip 
about the battery
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Maxim Have Some Too!
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Battery Voltage and System Voltage

• As we use the battery, its voltage will vary
• Depending on how hard we use the battery, its 

voltage will also vary

• This is not good for microcontrollers and other 
parts. They need a steady voltage not variable 
voltage.
• Never use batteries on their own!
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We already introduced the idea of a 
regulator!
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systemBattery

𝑣	can vary
Reg

Always @𝑑𝑒𝑠𝑖𝑟𝑒𝑑	𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑖

• Constant Current Device (KCL maintained)
• Can only regulate down in voltage

Could use this!

6.9000 Spring 2026
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Stable Voltage
• Our Batteries provide us energy, but at a variable voltage 

• Voltage Regulators can be used!

Battery Voltage

Regulated Voltage
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V can vary
(INPUT)

Reg

always constant V
(OUTPUT)
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Power Regulators/Converters
• If battery voltage is higher than needed, must convert down
• If battery voltage is lower than needed, must convert up
• Two types of converters:

• Linear (Traditional):
• Constant Current Device
• Less efficient
• Cheaper
• Can only convert from higher voltage to lower voltage

• Non-Linear (Switching Supply):
• Constant Power Device
• More modern development
• Generally more efficient
• Usually not as cheap
• Can convert up and down
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Load
Supply

𝑣	can vary
Reg

𝑣0 = 0

Always @3.3𝑉

𝑖

Linear Regulator

If 𝒊 = 𝟓𝟎𝒎𝑨 and supply voltage is at 𝒗 = 𝟒. 𝟏	𝑽 what is the efficiency of this system?
(i.e. how much power is consumed by the circuit and not the regulator?)

Efficiency = 𝟑.𝟑𝑽H𝟓𝟎𝒎𝑨
𝟒.𝟏𝑽H𝟓𝟎𝒎𝑨

= 𝟖𝟎. 𝟒𝟗%

• Constant Current Device (KCL maintained through them)
• Can only regulate down in voltage
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𝑖89 = 𝑖%75 = 𝑖



Problem #1 with Linear Regulators
• If our Battery ranges from 3.2V to 4.2V in its output voltage 

we could mostly use a linear regulator…
• But in real life, cheap linear regulators need the input 

voltage to be significantly higher on the input than the 
output:

2/24/26 94

Supply

v	can vary
But must be +0.6V above 3.3V 

Reg

𝑣0 = 0

Always @3.3𝑉
How low can our 
battery voltage go in 
this case?

3.9V…not good.

6.9000 Spring 2026
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𝑖89 = 𝑖%75 = 𝑖

Load



Most of Battery’s Life is Unusable!
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3.9V

Small bit

Solution is t
o use 

another part!
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Problem #1 with Linear Regulators
• Can fix a bit using a Low Dropout Regulator (LDO)…a device 

that can regulate down to 3.3V from a much closer voltage 
(perhaps only 0.1V above
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Supply

v	can vary
But must be +0.1V above 3.3V 

LDO

𝑣0 = 0

Always @3.3𝑉
How low can our 
battery voltage go in 
this case?

3.9V…not good.

6.9000 Spring 2026

𝑖%75𝑖89

𝑖89 = 𝑖%75 = 𝑖

Load



Using Most of Battery’s Life!
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3.4V

Small bit

Solution is t
o use 

another part!
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Problem #2 with Linear Regulators
• Regulate by throwing away excess energy

2/24/26 98

Supply

𝑣LM	can vary
But must be +0.1V above 3.3V 

Reg

𝑣0 = 0

Always @3.3𝑉

6.9000 Spring 2026

Heat lines based on: 𝑣LM − 3.3V + 𝑖

𝑖%75𝑖89

𝑖89 = 𝑖%75

Load



Supply

𝑣	can vary

𝑅𝑒𝑔

𝑣0 = 0

Always @3.3𝑉

𝑖%75

Switching Supply (non-linear device)
• Scaled Power Device (𝑝-*. = 𝜀 $ 𝑝/0)
• 𝜀 is efficiency and 0 ≤ 𝜀 ≤ 1

• KCL is NOT maintained through them

𝑣0 = 0

𝒑𝒊𝒏	 𝒑𝒐𝒖𝒕	

𝑖89
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𝑖89 ≠ 𝑖%75

Load



Supply

𝑣	can vary

𝑅𝑒𝑔

𝑣0 = 0

Always @3.3𝑉

𝑖%75

Switching Supply (non-linear device)

If 𝑖N,2 = 50𝑚𝐴, 𝑖LM = 35𝑚𝐴, and supply voltage is at 𝑣 = 5.0𝑉 what is the efficiency?
(i.e. how much power is consumed by the circuit and not the regulator?)

Efficiency = O.OPHQ0RS
Q.0PHOQRS

≈ 94%

• Scaled Power Device (𝑝-*. = 𝜀 $ 𝑝/0)
• 𝜀 is efficiency and 0 ≤ 𝜀 ≤ 1

𝑣0 = 0

𝒑𝒊𝒏	 𝒑𝒐𝒖𝒕	

𝑖89
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Switching Supply
• Switching Supplies can change voltage in two ways:
•  increase (boost)
• decrease (buck)

• Linear regulators can’t. They can only drop voltage

3.7V
1200	mAH
Li	Ion

3.2𝑉 ≤ 𝑣 ≤ 4.2𝑉

𝑅𝑒𝑔

𝑣0 = 0

Always @5.0𝑉

𝑖%75

𝑣0 = 0

𝒑𝒊𝒏	 𝒑𝒐𝒖𝒕	

𝑖89
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𝑖89 ≠ 𝑖%75

Load



The Inefficiency of a Linear Regulator 
Can be Very Dramatic

• When plugged in and charging the battery...
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System state circa end of week 2



Example: ESP32 C3 6.9000 Board
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𝐄𝐒𝐏𝟑𝟐

𝑉// = 5.0	V	

𝑖5%5&6

3.3	V	

𝑖)*+ 𝑖3-).

𝐄𝐒𝐏𝟑𝟐	𝐂𝟑	𝟔. 𝟗𝟎𝟎𝟎	𝐁𝐨𝐚𝐫𝐝𝑖$%&'(

𝐋𝐄𝐃USB

bq25185
BMS	

𝐁𝐚𝐭𝐭𝐞𝐫𝐲

5.0	V	

𝑣.122	**

𝑖$&55

Linear
Regulator

When plugged into the USB supply.... 

** variable as it charges

𝑣0 = 0
GND

+

−
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BQ25185
BQ25185 BQ25185 burnt
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Linear Battery Charger
• Regulate by throwing away excess energy

2/24/26 106

Circuit
&& 

battery
USB	5.0V

BQ25185

𝑣0 = 0

Variable 

6.9000 Spring 2026

Heat lines based on: 5.0V − 𝑣.122 + 𝑖

𝑖%75𝑖89

𝑖89 = 𝑖%75 ≈ 1A

𝑖89 = 𝑖%75 ≈ 1A



Power Density

• Chip gets very 
hot...
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5.0V − 3.0V + 1A = 2W

Page 1 of datasheet

=
2W

2×10TOm	 + 2.2×10TOm = 𝟒𝟓𝟒𝐤𝐖 + 𝐦T𝟐

~50X the thermal flux from the sun 
received by the planet Mercury 



Influences package design

• And how you should lay it out on PCB!
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From the datasheet!



Battery Choices

• For projects will need to choose between Primary-
Cell or Secondary-Cell Approach
• Primary-Cell: Don’t worry about recharging, just 

replace batteries every so often. Question is...how 
long can you go?
• Secondary-Cell: Harvest energy from environment 

along the way and store it temporarily in secondary 
cell for later usage 
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Modern Primary Cell
• Generic primary cells like alkaline batteries lack energy 

density and other performance characteristics to last 
during project scope we’re assigned.
• There are other chemistries that are more modern 

which may be appropriate (example):
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Modern Secondary Cell
• The cell you have in your 6.900 kit is a pretty 

decent secondary cell in terms of cost, density, 
etc...
• Will need to recharge
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