LENESAS Tutorial

Op-amp Crash Course Part 1: Basics

Understanding the basic principles of operational amplifiers (op-amps) is vital to selling microcontrollers (MCU) in
industrial, automotive, and telecom applications.

Op-amps amplify and filter the output signals of real-world sensors to make them accessible for analog-to-digital
converters, whether they are discrete or integrated into an MCU.

Part 1 of this tutorial provides the basics of op-amp understanding, covering the items listed below.
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Op-amp Crash Course Part 1: Basics Tutorial

1. What is an Operational Amplifier?

An op-amp (operational amplifier) is a differential voltage amplifier with a very high gain that can range from 104
(ten thousand) up to 108 (one hundred million).

The op-amp is the most used building block for various analog circuits. Its symbol is a triangle that points towards
signal flow and includes a plus and a minus sign, representing the inverting and non-inverting signal inputs. The

symbol comes with and without a capital A in its center, signifying the amplification of the device, also known as
op-amp gain.

Figure 1. Op-amp Symbols (Supply terminals omitted for clarity)

An op-amp has a minimum of five terminals:

= A positive supply voltage terminal, Vs+
= A negative supply voltage terminal, Vs-
= Anon-inverting signal input, IN+

= An inverting signal input, IN-

= Asignal output, OUT

Figure 2. Op-amp Terminals and internal Operation

The purpose of an op-amp is to amplify a small voltage difference, V|p, between the inverting and non-inverting
inputs by the large op-amp gain of A = 104 to 108:

Vout = AxVp

To create this voltage difference, the voltage at the inverting input, V|5, is internally inverted to -V 5. and then
added to the voltage at the non-inverting input, V|y+, yielding the difference voltage:

Vio = ViNe T CEVYIND = ViNe - Vine
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2. Negative Feedback

An operational amplifier never works alone. To constitute a useful amplifier circuit, an op-amp requires negative
feedback. Negative feedback means the output voltage is fed back to the inverting input, either in full through a
direct connection (Figure 3) or fractional using a voltage divider (Figure 4).

Z, Z,
|
——0 Vour —o0 Vour
V|N V|N
Figure 3. Op-amp with full Feedback Figure 4. Op-amp with fractional Feedback

In the case of fractional feedback, the Z4 and Z, impedance of the voltage divider can be purely resistive (resistors
only) or complex (a combination of capacitors and resistors).

Therefore, changing the type of feedback changes the circuit configuration the op-amp is working in.

3. Key Op-amp Configurations

Figure 5 to Figure 11 depict the key op-amp configurations found in industrial applications, such as sensor signal
conditioning and current sensing.

Connecting the output directly to its inverting input configures
o Vour the'op-amp into a unity gain (gain of one) amplifier, also called
ViNO an input voltage buffer.
This circuit converts a high-impedance voltage source into a
Vour =Vin low-impedance voltage source and is often used as a voltage
reference buffer.

Figure 5. Input Voltage-Buffer

R4 Ry
| Connecting the output using a voltage divider to its inverting

input and applying the input voltage to the non-inverting input

configures the op-amp into a non-inverting amplifier with a gain
——0 Vour of 1+ Ry/R4.

This circuit is used to amplify input signals without shifting the
Vour =Vin (1 + R/Ry) signal phase between output and input voltage.

Vino

Figure 6. Non-inverting Amplifier

Vino Applying the input voltage to the inverting signal path adds a
180° phase shift between input and output and configures the
op-amp into an inverting amplifier with a gain of -Ry/Ry.

’ Vour This circuit is used to amplify input signals that require phase
inversion.
Vout = -Vin X Ro/Ry
Figure 7. Inverting Amplifier
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Vout = (Vinz2 - Vint) X Ro/Ry + Vrer

Figure 8. Difference Amplifier with Resistors

Applying two voltage dividers with the same resistor ratio to
both op-amp inputs results in the difference amplifier
configuration with a circuit gain of Ry/Ry.

This circuit is used to amplify the differential output voltage of
low-impedance bridge sensors and the voltage drop across
current sensing resistors.

The reference voltage, Vg, sets the DC mid-level of the
dynamic output voltage range.

g, ll'oo our

Rz
Vint©o

Vout = (Vinz - Vint) X Ro/Ry

Figure 9. Diff - Amp with Transistor and Resistors

Replacing the resistor in the feedback loop with a transistor
results in a different type of differential amplifier.

This circuit is mostly used in current sensing applications,
where the voltage drops across a current sense resistor,
measured between V|\, and V|y4, and then amplified by the
resistor ratio.

Vrero—\VAV\N— NN —\\V\ NN

——o Vour
Vini©

Vinz©

Vour = (Vinz - Vin1) X Ro/Ry + Vier

Figure 10. Instrumentation Amplifier with two Op-amps

Operating two non-inverting amplifiers, as shown in Figure 10,
results in a low-cost instrumentation amplifier.

This circuit is commonly used to amplify the differential output
voltage of high-impedance bridge sensors, such as 10kQ strain
gauges.

The reference voltage, Vg, sets the DC mid-level of the
output voltage in single-supply applications.

Ci
R, I
i N
R.
—0 Vour
VIN O
A
T
o
Frequency

Figure 11. Low-Pass Filter

Adding a capacitor parallel to R, converts the initial
non-inverting amplifier into an active low-pass filter.
Low-pass filters are used to clean up the output signal from
high-frequency noise before it enters the inputs of an ADC.
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4. Most Common Applications for Renesas Op-amps

4.1 Sensor Signal Conditioning of Industrial Sensors

Figure 12 shows a typical signal conditioning circuit for a bridge sensor. The circuit uses three op-amps (A1 to A3)
in front of SAR ADCs (successive approximation analog-to-digital converters).

Bridge sensors can measure mass, pressure, torsion, or strain. They are designed as a Wheatstone bridge, with
variable resistor elements in one, two, or all four legs. Without the application of force, the resistance in each leg is
the same, and the bridge is balanced, making the bridge voltage Vgr = OV. When applying force, the resistance in

the legs changes, which makes the bridge unbalanced and Vgg # OV.

Voltage
Reference A3 =1SL28134

A1, A2 = |SL28233
VREF
REF
ADC |—» fO
MCU

Difference Low-Pass
Amplifier Filter

A4
Y

Figure 12. Low-Impedance Bridge Sensor Conditioning with 1SL28233

A1 is configured as a difference amplifier that removes the high DC voltage at both sensor outputs and only
amplifies their voltage difference from as low as 500uV up to the ADC’s input range (often 0 to 2.5V).

A2 is configured as a low-pass filter, removing high-frequency noise from the amplified difference signal before
applying it to the ADC input.

A3 is configured as a voltage reference that sets the full-scale range of the ADC input.

4.2 Signal Amplification of Low-Voltage Vibration Sensors

Figure 13 shows a low-voltage amplifier boosting the output signals of a vibration sensor, also called an
accelerometer, often found in game controllers. As the sensor output impedance can be as high as 50kQ, the
inputs of the sensing amplifier must high-impedance.

Voltage
Reference

VREF
Instrumentation Amplifier
Vsys

"t o2 > =

— A3 = 1SL28133
Vibration A1, A2 = |ISL28x33
Sensor (x=2,4)

Figure 13. High-Impedance Vibration Sensor Amplification with Instrumentation Amplifier

For this purpose, A1 and A2 form a 2-amp instrumentation amplifier, whose high-impedance, non-inverting inputs
detect the sensor signal.
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A3 is configured as a reference voltage buffer that sets the DC mid-voltage around which the amplified sensor
signal swings.

4.3 Low-Side Current Sensing in a Motor Drive for AC-Induction Motors

Figure 14 shows the principle of low-side current sensing in AC motor drives. Here, the load current creates a
voltage across a sense resistor of Vg = || x Rg, which is amplified and then applied to the ADC input.

This application often requires fast switching op-amps (high slew rates) to detect frequent current transients
during operation.

Vhv

(600V) Load

A1 to A2 = READ2304

) {

= Difference Low-pass
Amplifier Filter

A4

A

A 4

Figure 14. High-Voltage, Low-Side Current Sensing with Fast Op-amps

A1 is configured as a difference amplifier of the resistive type (Figure 8).

A2 is configured as a low-pass filter to remove high-frequency noise.

4.4 High-Voltage High-Side Current Sensing in Motor Drives for DC Motors

Figure 15 depicts a high-side current sensing application in high-voltage systems (Vy = 150V) without integrated
current sensing ICs. Low-voltage op-amps perform signal amplification and filtering. Here, the op-amp supply of <
5V is derived from the 150V system supply via a 4.7V Zener diode, Dz, which sets the supply span from 150V to
145.3V.

Dz (47V) Rp A1, A2 = 1SL28233 or
1 K—T—«/W—u- 2x 15128134
|
(1\5/3%\\// ) l L vce GND
N ‘ 'b ./ MCU-
= RS;) Vs . ! ADC
Difference Low-Pass

Load Amplifier Filter

Figure 15. High-Voltage, High-Side Current Sensing

The load current is defined by the system supply and the load impedance using || = Vi / Z| 5a9- A Sense resistor,
Rg << Z) 544, Creates the sense voltage, Vg = I x Rg, which is measured and filtered.

A1 is configured as a difference amplifier with transistor feedback (Figure 9).

A2 is configured as a low-pass filter to remove high-frequency noise.
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5. Conclusion

Part 1 presented the op-amp as a basic analog building block that requires configuration through external
components, such as resistors, capacitors, and transistors, to perform various functions, including signal
generation, amplification, filtering, and arithmetic operations.

Part 2 explains the key parameters designers consider when selecting op-amps for specific applications.

6. Revision History

Revision Date Description
1.00 May 11, 2023 | Initial release.
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