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Making Measurements on 3-Phase Motor Drives with an Oscilloscope

This primer describes methods for making measurements
using inverter, motor and drive analysis software on
oscilloscopes to provide stable, accurate electrical
measurements on the inputs, DC buses, and outputs

of variable frequency drives, as well as mechanical
measurements on the motor.

In this primer you will learn:

e Basic variable frequency drive structure

e Fundamentals of pulse width modulation (PWM)

e How to select and set up oscilloscope probes

e Selecting the proper wiring configuration

¢ How to make measurements on variable frequency drives

— Electrical measurements

Most modern motor drive systems use some form of
modulation to control the frequency and therefore the
speed of a motor. In most cases, these variable frequency
drives (VFD) achieve this by outputting carefully controlled
pulse-width modulated (PWM) waveforms. These systems
typically output power as 3 phases since this is the optimal
configuration for electric motors.

Three-phase AC induction motors (ACIMs) have been the
workhorse of industry since the earliest days of electrical
engineering. They are reliable, efficient, cost-effective and
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o

Input Measurements

o

DC Bus Measurements

o

Output Measurements
o DQO Measurements
— Mechanical Measurements
o Speed, Direction and Acceleration
o Torque
o Mechanical Power

o System Efficiency

This primer illustrates these measurements on a Tektronix
8-channel, 5 Series B MSO Oscilloscope, equipped with
Inverter Motor Drive Analysis software which enables stable,
accurate measurements on PWM waveforms.

need little maintenance. However, there are a number of
different types of motors and drives. AC induction motors
(ACIM) are less efficient than Brushless DC motors (BLDC)
and permanent magnet synchronous motors (PMSM).
Synchronous BLDCs and PMSMs are more efficient and
lighter than AC induction motors but require more advanced
control algorithms.

Although each type of system has unique characteristics,
motor drives all use pulse-width modulation techniques to
vary the frequency and voltage delivered to the motor.

AC Power

Line

Variable voltage
and frequency

Variable
speed

AC supply

Figure 1. The motor drive modulates the input to the motor to enable control of speed and torque.
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Challenges in Making Motor Drive
Measurements

Due to the pulse-width modulation on the output of motor
drives, making stable measurements on these signals is
challenging. Manually determining the right combination
of filters and triggers to achieve stable waveforms is very
difficult, yet this is a prerequisite for achieving consistent
measurements.

In addition to measuring the output of the drive,
measurements to evaluate the performance of the drive’s
input stages, such as harmonics, power and power factor
are also important. While exporting raw waveforms into

a spreadsheet or other analysis software is possible, the
process is time-consuming and requires care in designing
calculations.

These measurements involve many connections to the device
under test. Incorrect probing of the motor drive system and
poor integrity of connections are common sources of errors in
making motor drive measurements.

Mechanical measurements are also key and can be made
using sensors. However, it may be difficult or impossible to
get measurements in engineering units of speed, acceleration
or torque without custom processing and scaling.

PRIMER

For these reasons getting a good view of a motor drive system
with an oscilloscope requires careful setup, stable waveforms
and robust measurement algorithms.

Principles of PWM Motor Drives

Forms of pulse width modulation are used to drive many
types of motors, including brushed DC motors, AC induction
motors, brushless DC motors and permanent magnet
synchronous motors. PWM allows the drive to vary the
frequency and voltage delivered to the motor.

Although the principles of PWM drives have been understood
for years, advances and cost reductions in power semi-
conductors, control electronics, and microprocessors have
greatly stimulated the use of such drives. This has been
further accelerated by vector control methods which enable
designers to achieve the efficiency and controllability of

DC motors with the reliability of AC motors. BLDCs and
PMSMs are replacing brushed DC motors and AC induction
motors in a wide range of applications including not only
industrial applications but also power tools, appliances and
electric vehicles.

A block diagram of the essential elements of a 3-phase
Variable Frequency Drive is shown in Figure 2.

m Variable Frequency Motor Drive Motor and Load

3-phase Rectifier DC Bus Inverter Motor Mechanical
AC Line Load
A1 Rt R
1 1 1 U
11 O——¢ ! L : o
Bus i i | v M
L20o Voltage { ! ! ! VW 3~
L3 0 | | IR
1 1 1
GND o—‘| i i i
MM | | |

___________.,
1
N _ _ NS | ——"_——

N _ _ NS | ——"_——
1

|—

Control Electronics

Figure 2. A 3-phase motor drive, broken down into functional blocks.
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PWM drives can be powered by DC, single-phase AC, or 6 Step / Trapezoidal Drives

3-phase AC. Figure 2 shows a VFD powered by a 3-phase
This type of drive is used with BLDC motors. BLDC motors

supply, which is common in industrial equipment. The

3-phase supply is rectified and filtered to produce a dc bus are efficient and small. They offer the benefits of DC

which powers the inverter section of the drive. The inverter motors, but they have no brushes to wear out. They can be

consists of three pairs of semiconductor switches (MOSFET, electronically commutated with a relatively simple 6-step, or

GTO, power transistor, IGBT, etc.) with associated diodes. trapezoidal, PWM strategy. A typical set of PWM waveforms is

Each pair of switches provides the power output for one shown below.
phase of the motor. This basic architecture can be adapted to

serve several types of motors, however the control electronics

vary greatly in terms of feedback and complexity. Here is a

brief description of a few common forms of PWM used to

drive motors.

0° 60° 120° 180° 240° 300° 360°
Hall Sensors
H1 1
H2 1 f
H3 J | S

Motor Phase U [r—
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Motor Phase W I

Figure 3. Hall sensors provide feedback to a simple 6-step controller. The drive outputs U, V and W are applied to the stator of
the motor.

4 | TEK.COM


http://tek.com

Making Measurements on 3-Phase Motor Drives with an Oscilloscope PRIMER

Scalar Drives

Simple VFDs used to drive AC induction motors control the speed by changing the fundamental frequency of the PWM waveform
driving the motor. In order to maintain full torque, the control system in the drive maintains the ratio between the voltage and
fundamental frequency of the PWM waveform. These are called scalar drives.

The control electronics generate three low-frequency sinewaves, 120° apart, which modulate the width of the pulses for each

pair of switches.

Average voltage

Figure 4: The average phase-to-phase voltage of the pulse width modulated waveform between phases A and B is sinusoidal.

The average voltage presented to the motor winding is approximately sinusoidal. The other two phases of the motor winding have

similar average voltages spaced 120° apart.

Figure 5. Three phase voltage signals, plotted over time.
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To a large extent, the motor appears as an inductor to the output voltages of the inverter. As an inductor has higher impedances
to higher frequencies, most of the current drawn by the motor is due to the lower frequency components in the PWM waveform
output. This results in the current drawn by the motor being approximately sinusoidal in shape.

T

Motor N

Current | H,‘%L‘/\A

Figure 6. Since a motor is an inductive load, and resists rapid current changes, the current drawn by the motor is
approximately sinusoidal.

By controlling the amplitude and frequency of the modulating waveforms, and controlling the V/Hz ratio, the PWM drive can
supply 3-phase power to drive the motor at a required speed.
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Vector Drives / Field-Oriented Control

The more advanced drives for AC induction motors and synchronous motors employ vector drive techniques. These drives are
more flexible and efficient than scalar drives, but also more complex.

Vector drives have similarities with scalar ones in that they drive the motor with sinusoidal current, however vector drives provide
smoother operation, quicker acceleration, and superior torque control. These control systems often use field-oriented control
(FOC) and are significantly more complex than scalar drives.

The vectors, D and Q are orthogonal vectors, whose magnitudes relate to the torque and magnetic flux within the motor.

Figure 7. Vector or field-oriented control uses complex PWM waveforms.

The control system must measure the position of the rotor in order to synchronize the system. This is often done by using
sensors such as Hall sensors or a quadrature encoder interface (QEI). (Sensorless systems are also used in which the control
system uses the back-emf of the motor to determine rotor position.) The controller uses the Clarke and Park transform to
calculate the magnitudes of D and Q, and then uses these values as setpoints for the control loop.
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Figure 8. Block diagram of a vector control system.

Making connections to a VFD system

Oscilloscope Probe Selection

Making power measurements on variable frequency drive systems requires voltage and current probes. When selecting

PWM Sine Wave Power
Generation (SVM) Stage

Clarke’s
Transform

Electrical
Conversion

pwm R

Rotor mechanical angle (QEI sensor input)
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oscilloscope voltage probes for motor drive measurements, it is important to consider:

e Motor drive measurements involve relatively high voltages. For example, the DC bus voltage in a 480 Vac three-phase

motor drive is typically around 680 Vdc. Confirm the voltage rating at the probe tip and for the accessories used to connect

the probe.

e Common-mode voltages can also be relatively high. That is, measurements are often “floating” relative to ground, so ground-
referenced probes may not be used. It is important to be sure signals are not floating more than the common-mode voltage

rating of the probe.

e Most frequencies of interest are below 200 MHz, so probes with this bandwidth should be sufficient for most everyday

measurements.

e Probes should cover a wide range of measurement tasks.

For these reasons, high-voltage differential probes are generally recommended as general-purpose voltage probes for power

electronics inverter subsystem, drive input/output, and control system measurements.

Figure 9. Tektronix Differential probes, such as THDP0200, and Tektronix AC/DC current probes, such as the TCP0O030A,

provide good coverage for many VFD measurement situations.
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Note: Ground-referenced passive probes should not be used to measure phase-to-neutral voltages. The neutral terminal is

probably not at ground potential, causing significant currents to flow through the probe and oscilloscope earth ground. This is

dangerous and may result in shock or damage to the DUT or scope.

Figure 10. IsoVu Optically Isolated Voltage Probes provide extremely high common mode rejection ratio,
2500 V maximum and are available with up to 1 GHz bandwidth.

Some of the recommended probes for motor drive applications are:

MODEL DESCRIPTION

High-Voltage (Differential) Probes:
THDP0100/0200

Optically Isolated Voltage Probes
IsoVu TIVP Series:

Current Probes
TCPO030A and TCP0150A

THDP Series probes are a good, general-purpose choice for making non-ground referenced, floating
measurements on a wide variety of power electronics inverter and motor drive subsystems. They can
perform measurements floating hundreds of volts above earth ground and measure differential voltages
up to 6000 V, depending on the model. 100 MHz and 200 MHz models are available.

IsoVu probes offer extremely high common mode rejection. They are especially well-suited for making
accurate high-side VGS measurements in switching circuits and are often used in validation of SiC and
GaN applications.

Various tips are available. MMCX tips deliver high signal integrity up to 250 V. Square pin tips are
available in both a 0.100 in (2.54 mm) pitch that can be used in applications up to 600 V and a 0.200 in
(5.08 mm) pitch that can be used in applications up to 2500 V.

AC/DC current measurement probes. The TCPO030A provides greater than 120 MHz of bandwidth
with selectable 5 A, and 30 A, measurement ranges. For higher currents, the TCP0150A goes up
to 150 Agys-
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Oscilloscope Probe Setup

Before taking any power measurements, a few important
steps must be taken. Current probes must be degaussed, and
all probes should be de-skewed for accurate results.

It is important to perform a degauss procedure on current
probes before taking measurements to remove any residual
magnetization from the probe’s magnetic core. Residual
magnetization will cause incorrect measurements. The
procedure is typically performed by removing all conductors
from the jaw of the current probe and initiating the procedure
with a button press. Tektronix current probes, such as the
TCPOO30A, will automatically prompt you to perform a
degauss procedure before use.

The deskew process corrects for various propagation delays
between any two different scope channels, including the
probe and probe cabling. This is important since phase
relationships are critical for many of the measurements on
VFD systems. The basic procedure is to provide channels
with a synchronized signal and adjust delays for each
channel to align them. A power measurements deskew fixture
(P/N 067-1686-xx) is available from Tektronix to help with this.

When connecting current probes, it is important to pay
attention to the arrow on the probe. When the current probe
is connected on the line side of the load, the arrow should
point toward the load. If the current probe is connected

on the return side of the load, the arrow should point away
from the load.

For additional information on probe selection and setup for
power measurements, see Probing Techniques for Accurate

Voltage Measurements on Power Supplies with Oscilloscopes

and Making Accurate Current Measurements on Power

Supplies with Oscilloscopes.
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Wiring Configurations

Often, both the input and output of VFDs use three phases.
However, some VFDs used in commercial, residential, or
automotive drive systems may be powered by single-phase
AC or DC. In addition, 3-phase systems can be wired and
modeled in two configurations: star (or wye) and delta.

The wiring configuration determines the calculations used
in power analysis, so it is important to understand and
select the correct wiring configuration in order to get the
expected results. These configurations apply to both the
inputs and outputs of motor drives. Figure 11 shows wiring
configurations supported by the IMDA solution on select
Tektronix oscilloscopes.

Figure 11. Input Wiring is selected in IMDA software through
a drop-down list.

PRIMER
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Single-Phase Connections
1Phase-2 Wire (1V1I)

Two channels are required: one for voltage and one for
current, as shown in Figure 12, the voltage is measured.
The total power measured, P = V*I. Single-phase AC and DC
sources use the same setup.

HI

<_
00—

Figure 12. Single-phase, two-wire AC measurements.
DC sources use the same setup.

LOAD

1Phase-3 Wire (2V2l)

The 1 phase-3 wire configuration is rare in motor drive
applications but is often found in North American residential
applications, where one 240 V and two 120V supplies are
available and may have different loads on each leg. Measuring
such a source requires two voltage channels and two current
channels. The total power measured is V*| (Load1 + Load?2).

0 HI
0 E=m-

LO
LO

O ER-
°H|

Figure 13. Single-phase, three-wire wiring is rare in industrial
environments but common in consumer and light commercial.

LOAD
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3-Phase Connections

Measuring 3-phase, 3-wire system with 2 voltage
channels and 2 current channels (2V2I)

Motor drives often use 3-wire outputs which can be accurately
measured by using just 2 voltage and 2 current channels on
the oscilloscope. (Motor drive inputs are more likely to use

a 4-wire system.) When three wires connect the source to

the load, at least two wattmeters are required to measure
total power. Two voltage channels and two current channels
are needed, as shown in Figure 14. The voltage channels

are connected from phase to phase, with one of the phases
acting as a reference. The load and source can be wired in
delta or star configurations but there must not be a neutral
conductor between them. In this situation two wattmeters can
account for the total power being delivered to the load. (See
the sidebar: “How can 4 oscilloscope channels measure a
3-phase system?”)

3 Phase
Source B

- - )

JoRA

Figure 14. Three-phase, three-wire, 2 wattmeter method.

Figure 14 shows the wiring and Figure 16 shows the IMDA
source setup for measuring a 2V2| connection. The Select
Lines control establishes the phase used as a voltage
reference. In this example the currents are measured on
phases A and B, and voltages are measured on phases A
and B with respect to phase C. That is, the measured values
are V., Vge, |, @and Ig. In this example, the total true power
(=TrPwr) is:

The instantaneous power, P1 =V, * |,
The instantaneous power, P2 = Vg, * Ig

STrPwr = P1 + P2.
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How can 4 oscilloscope channels measure
a 3-phase system?

Blondel’s theorem states that for an N-wire system, with
voltage measured relative to one of the wires, total power
can be measured using N-1 wattmeters.

For example, in a 3-wire system, either star or delta, the total
power of the system can be determined by using 2 voltage
channels and 2 current channels. For example, a star system
is shown in Figure 15. Following Kirchoff’s Current Law, all
current in the system can be found if two of the currents

are known. Voltages in the system can be determined by
measuring two phases with respect to the third.

% Lo N

HI G LO ﬁ,
HI
LO i,
Figure 15. This 3-wire star system (no neutral) is used to

illustrate how the two-wattmeter method can be used to
measure a 3-phase system.

Vi

Ne

o\
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The instantaneous power measured by each wattmeter
is the product of the instantaneous voltage and current
samples.

Wattmeter 1 is comprised of i, and v,s, where

Py = ia (Vac) = 1alv4 = Vg)

Wattmeter 2 is comprised of iz and vg., where

P2 = ig (Vac) = g (V2 = Vo)

Py + Py =i (V4 = Vg) + 15 (V5 = Vg) = 1aVy = iaV5 +igV5 — igVs

Py + Py = iaVq +igVy = (ia + i) Vg (Equation 1)

Per Kirchoff’s Current Law,

in +ig+ic=0,80i, + ig = —ig (Equation 2)

Substituting for (i, + ig) in Equation 1:

P; + P, = ipV4 + igV, + igV5 Which is the total instantaneous
power in all 3 phases.

Thus, the total power in the 3-wire system can be
determined by using two voltage channels and two current
channels to form two wattmeters.

Reference: Blondel, A.; Measurement of the Energy of
Polyphase Currents; Proceedings of the International

Electrical Congress; August 1893; American Institute of

Electrical Engineers
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Figure 16. Setup for a 3-wire system using the two-wattmeter
method. Currents are measured on phases A and B, with
voltages on phases A and B measured with respect to phase C.

Measuring 3-phase, 3-wire systems with

3 voltage channels and 3 current channels
(3V3l)

Even though only two wattmeters are required to measure
the total power in a three-wire system, there are advantages
to using three wattmeters. The three-wattmeter configuration
requires six oscilloscope channels: 3 voltages and 3 currents.

PRIMER

This 3V3I configuration provides individual phase-to-neutral
voltages and the power in each individual phase, which is not
available in the two-wattmeter configuration.

—
a LO HI

3 Phase

—>
Source B G LO
PULYAN §
—>
G HI LO

Figure 17. 3-phase, 3-wire system, measured with 3 voltage and
3 current channels (three wattmeters).

For 3-wire systems, measured with 3V3l, the IMDA software
includes a setting to convert line-to-line (L-L) voltages to line-
to-neutral (L-N) voltages. Although there is no physical neutral
in this system, it is possible to determine the instantaneous
line-to-neutral voltages from the instantaneous line-to-

line voltages.
Vg =V,
AB CA
Van=——%
3
Vgo—V
BC AB
Ven=——%
3
Vea—V,
CA BC
Ven=—"F7
3

This point-by-point LL-LN conversion expresses all voltages
relative to a single reference and corrects the phase
relationships between voltage and current for each phase.
You can see the phase correction of the LL-LN conversion by
noting the phase relationships on the phasor diagram with
conversion turned on and off. Turning on LL-LN conversion
allows instantaneous power calculations by multiplying
phase-to-neutral voltages and phase currents. For example,
we can find the total true power (ZTrPwr) being supplied to
the load.

STrPwr = (Vay " i) + (Vay " ig) + (Von " o)
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Figure 18. The 3V3I configuration with LL-LN conversion activated gives readings of true, reactive and apparent power for each phase
as well as the sum of all phases. Note that the summed power measurements are comparable to those observed using
the “two-wattmeter” (2V2I) configuration.

Measuring 3-phase, 4-wire systems with 3 voltage
channels and 3 current channels (3V3I)

Three voltage channels and three current channels are

3 Phase B
required to measure the total power in a system that uses a Source

neutral conductor between the line and the drive, or the drive )\ORA ©
and the motor. Such a 4-wire system is shown in Figure 19.

The voltages are all measured relative to the neutral. Phase-

to-phase voltages can be accurately calculated from the
phase-to-neutral voltage amplitudes and phases using vector

Figure 19. Three-phase, four-wire (three wattmeter method).
mathematics. The total power, =TrPwr = P1 + P2 + P3.
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Measurements for VFD System Blocks

Different measurements and techniques are used for different functional blocks within the VFD system. For each of these blocks
(input, DC bus, output and motor) we will describe key measurements and note where they can be found in the IMDA analysis
tools on the 5 and 6 Series MSOs.

m Variable Frequency Motor Drive Motor and Load

3-phase Rectifier DC Bus Inverter Motor Mechanical
AC Line Load
T ht Af T
! ! ! U
L1 O————¢ i i i O
Bus ! 1 1 V M
L2 O I | H A
Voltage { i i i W \ 3~
L3 O ! i .
GND ! ! !
L 1 1 1
R T ir't} i:"’C}i i:"t}i
apa gt M 1 :
: 1 : 1 : 1
i i i
i i i

| —

Control Electronics

Figure 20: Different measurements are used on the drive inputs, DC bus, output and motor.

3-Phase Autoset

The IMDA software includes a 3-phase Autoset function that automatically configures voltages and current sources based
on the selected wiring configuration. It will optimally set up the vertical, horizontal, acquisition, and trigger parameters on the
oscilloscope and may be done on all active power measurements. This greatly simplifies measurement setup, especially for
PWM waveforms on the output of the VFD.
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Input (line) measurements

Most industrial and heavy commercial VFDs have 3-phase
inputs. Smaller drives may use single-phase line voltage.
Especially in electric vehicle and other battery-powered
applications, drives are often powered by DC. The IMDA
power analysis software supports all of these configurations
(see “Wiring Configurations”) above. In the IMDA
measurement package, the Power Quality and Harmonics
groups are used to quantify the power consumption of

the drive and the expected impact of the drive on a power
distribution system.

Power Quality

The Power Quality measurement group includes
measurements that characterize the power consumption of
the drive. These same measurements can be used on the
output of the drive, as well (see “Output Measurements”,
below). Figure 21 shows the Power Quality measurement in
the Electrical Analysis section. Selecting the Power Quality
measurement produces a phasor diagram, waveforms and
measurement badge. PQ Energy and Power math waveforms

are shown for configured windings. The power waveforms are

created using a math algorithm which multiplies voltage and
current waveforms for each phase.

Figure 21. In the Tektronix IMDA software, measurements
are broken down into Power Quality, Harmonics, Ripple, and
Efficiency. DQO and mechanical measurements are available
as options.

The Power Quality measurements are helpful for confirming
that your probes and wiring configurations are correct. If
one or more power measurements show negative readings,

16 | TEK.COM

check your current probes — the ones on channels associated
with negative power readings are connected backwards. For
3-phase systems, check the phasor diagram. Under normal
circumstances, the voltages should be practically identical
with 120° between the phases.

The user has the option to measure power quality for the
fundamental or at all frequencies. When the fundamental
frequency is selected, measurements will be only made

on the fundamental frequency component. When the “all
frequencies” option is selected, power quality measurements
are computed for all harmonics including the fundamental
frequency.

Phasor Diagram: The phasor diagram shown in Figure 22

is a circular diagram that represents magnitudes and phase
angles between phase voltages and currents, as well as
between voltage and current for each phase. Ideally, a
balanced 3 phase has vectors equal in magnitude and out-of-
phase with each other by exactly 120°.

Figure 22: The phasor diagram shows the relationships between
voltage and current on all phases. At a glance, it shows the
balance of the system and phase shift between voltage and
current (capacitive or inductive).
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The phasor diagram (Figure 22) gives the following
measurements for each phase:

¢ RMS voltage and angle relative to the reference phase
voltage (VaN in Figure 22)

¢ RMS current and angle relative to the reference phase
voltage

e Phase between voltage and current

e Power factor

The Power Quality measurement badge, an example of which
is shown in Figure 23, gives a number of measurements. In
this example, the 3V3I configuration provides the following
measaurements for each phase:

® Vous: The RMS value of the phase voltages measured
over an integral number of cycles. The number of phase
voltages varies with wiring configuration.

* Vuae: The magnitude of the phase voltages measured at
the motor operating frequency. The operating frequency
is the fundamental frequency of the voltage signal and is
determined by applying an FFT.

* lzus: The RMS value of the phase current measured over
an integral number of cycles. The number of currents can
vary with wiring configuration.

* lyae: The magnitude of the phase current signal measured
at the motor operating frequency. The operating frequnecy
is the fundamental fregeuncy of the current signal and is
determined by applying an FFT.

e Crest factors (VCF and ICF): The ratio of peak voltage
or current to RMS voltage or current. (The crest factor of a
sine wave is 1.414.)

e True power (TrPwr): True power is given by
TrPwr = 1? J(v(t) -i()dt
In the discrete domain this is:
1 .
TrPwr = WZ (v(n) - i(n)

where n = 1,2...N, and N is the number of samples.

True power (P) is the actual power delivered to the resistive
part of the load, measured in Watts. Note that only for
pure sinusoids does true power equal Vg5 % Igus X COS(9),
where ¢ is the angle between the voltage and current
waveforms.

Apparent power (ApPwr) is:
ApPPWr = Vays - laus

where Vs and lgy,s are calculated from the voltage and
current waveforms.

Units are VA.

Note that performing an RMS calculation on the MATH1
power waveform is not equivalent and will not give the
correct result.

Reactive Power (RePwr) is calculated as:

RePwr =/ (ApPwr? - TrPwr?)
Units are VAR, or volt-amps reactive.

Power Factor (PF) is:
TrPwr

PF= ———
ApPwr

As the ratio of two powers, power factor is considered
dimensionless. This calculation is preferable to using
the cosine of the phase, since it considers not only the
fundamental frequency, but all measured frequency
components.

Phase angle (Phase) is calculated as:

TrPwr
Phase = cos™ = cos™'(PF)
ApPwr

Units are degrees. As in the power factor calculation, this
approach considers the full measured spectrum.

For any multi-phase system, the Power Quality measurement

results give the following totals:

Frequency (Freq) is calculated from the period of the low-
pass filtered edge source.

Sum true power (STrPwr) is the sum of the true power for
all phases.

Sum reactive power (SRePwr) is the sum of the reactive
power for all phases.

Sum apparent power (SApPwr) is the sum of the
apparent power for all phases.
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Figure 23. Power quality measurements on the input (line) side of a motor drive.

Harmonics

Harmonics measurements plot the signal amplitude at the fundamental frequency and its harmonics, and measures the RMS
amplitude and Total Harmonic Distortion of the signal. Measurements can be evaluated against the IEEE-519 or IEC 61000-3-2
standard, or custom limits. For example, one can load limits for the IEC61000-3-12 standard as a csv file and test against these
limits. Test results can be recorded in a detailed report indicating pass/fail status.

Figure 24: Harmonics can be measured on both the input and output of a motor drive. This example shows harmonics on the
three-phase output of a drive.
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DC Bus Measurements

Ripple may be measured at two different test points, namely at the DC bus and on the switching semiconductors.

Line Ripple: This measurement provides the RMS and peak-to-peak measurements of the line frequency portion of the

respective AC Voltage signals.

Switching Ripple: This measurement provides the RMS and peak-to-peak measurements of the respective voltage signals.

Figure 25. Ripple on a DC bus.

Switching analysis
Inverter
o 1
o 1
I G

+ s

Figure 26. Switching loss measurements help in
optimizing inverter designs.
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When designing or validating the switching circuits within
a VFD, it is important to understand the losses associated
with the switching stages of the drive. Switching loss
measurements and slew rates are available in Options
5-PWR and 6-PWR. Voltage probes are connected

across the switch, and current probes are connected to
measure current through the switch. You can add multiple
measurements to get measurements for each switch.

The 5/6-PWR analysis packages include these
measurements:

Switching Loss: measures the mean instantaneous
power or energy in the turn-on, turn-off, and conduction
regions of a switching device. The measurement creates a
power waveform which is calculated for each pair of V and
| waveforms.

dv/dt: measures the rate of change (slew rate) of the
voltage, as it rises from the Base reference level (Rg) to the
Top reference level (R;), or as it falls from the Top reference
level (R;) to the Base reference level (Rg). The measurement
creates a power waveform which is calculated for each pair
of V and | waveforms.

di/dt: measures the rate of change (slew rate) of the current,
as it rises from the Base reference level (Rg) to the Top
reference level (R;), or as it falls from the Top reference

level (R;) to the Base reference level (Rg). The measurement
creates a power waveform which is calculated for each pair
of V and | waveforms.
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Direct Quadrature Zero (DQO) transformations and measurements

Clarke and Park transformations are often used to simplify the implementation of field oriented control systems. An example
of a field-oriented control system is shown in Figure 8. Within the control system, these tranformations are used to convert
the 3-phase voltages being applied a motor to orthoganal D and Q vectors. These simplified vectors can easily be scaled
and integrated to maintain a desired speed. Reverse transforms may then be used to create the drive signals for pulse width
modulation in the inverter.

These D and Q vectors may reside deep within a digital signal processing block, such as an FPGA, and may not be available for
direct measurement. The IMDA software offers optional DQO analysis that can derive measurements of D and Q based on the
3-phase output voltage or current with straightforward setup. This allows you to see the effect of control system adjustments
quickly and easily.

Figure 27: DQO Phasor plot showing D vector, Q vector and the resultant vector (R) with motor speed and direction feedback
provided by a quadrature encoder sensor.

In addition to D and Q, the analysis software also shows the resultant vector (R). R is calculated by computing the D and Q
hypotenuse vector at each of the sample points of D and Q. The R vector starts at 0 degrees, determined by the QEI index pulse
(2). The incremental angle is computed by the QEI based on the encoder’s pulses per revolution (PPR) and the motor’s pole
pairs. By observing the R vector rotation one can see whether the control system is driving the motor smoothly. One can also
observe the number of commutations — note the six distortion points in the R vector plot in Figure 27 above, corresponding to
six commutation steps. Figure 28 shows an example of the source setup for DQO measurements. In addition to selecting the
sources and wiring, you can also specify a low pass filter that can be applied to all sources, or only to the edge qualifier. This is
useful for reducing noise due to EMI pickup and switching noise.
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Figure 28. Configuring the oscilloscope for DQ0 measurements
on a system using a quadrature encoder interface (QEI).
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Output measurements

The output waveform of a PWM drive is complex, consisting of a mixture of high frequency components related to the carrier and
components at lower frequency related to the fundamental frequency driving the motor. Making oscilloscope measurements on
PWM waveforms can be challenging, since it can be difficult to achieve a stable trigger.

Figure 29. The PWM waveform shown here includes a carrier that can have a frequency in hundreds of kilohertz and the lower-
frequency average voltage to which the motor responds.

The difficulty occurs because the waveform is being modulated at low frequency. High frequency measurements, such as
total rms voltage, total power etc, must therefore be made at high frequency but over an integral number of cycles of the low
frequency component in the output waveform.

One of the main benefits of IMDA software is the ability to make stable measurements on PWM waveforms. It demodulates the
PWM waveform on a channel you specify as an “edge qualifier” and extracts the envelope as a “math channel”. This enables
precise synchronization for measurements.

The same power quality and harmonics measurements that are used on the input to the VFD can also be used on the output of
the drive to check voltage, current, phase, and power. These are detailed in the “Input Measurements” section of this primer.
The same wiring configurations are available for both input and output measurements with the exception of the 1-Phase, 3-Wire
configuration which is only available as an input.
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Figure 30. The Power Quality measurement group gives a fast, stable overview of the PWM outputs, including voltage,
current, phase angles, true power, apparent power, reactive power and power factor.

Efficiency measurements

Efficiency measures the ratio of output power to input power for respective input and output V and | pairs. On 5 and 6 Series
MSOs, the two-wattmeter method (V1*I1 and V2*12) is used on both the input and output. This allows complete measurement of
3-phase input and output power to be made using 8 input channels, as shown in Figure 31.

2V2| Efficiency Measurement
3 Phase AC Voltage and Current Outputs

A X
AC Mains B Y >
c Z >

6{2 CD 6{2 CD Feedback (PWM)

Controller

4/5/6 Series MSO

Circuit

Figure 31. Measuring drive efficiency on a system with a 3-wire input and 3-wire output, using 8 oscilloscope inputs.
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Figure 32. Setup for configuring a 3-wire input and 3-wire
output for efficiency measurements using a 5/6 Series MSO
oscilloscope.
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Figure 33. Efficiency measurement using the two-wattmeter method on both the input and output of a VFD.

Mechanical Measurements

Mechanical motor measurements, such as angular position,
direction of rotation, speed, acceleration and torque provide
important feedback to control systems. Different types of
sensors are used for measuring mechanical parameters,
depending on the type of motor and control system. Motor
speed is commonly described as revolutions per minute
(RPM), or the number of full rotations completed in one
minute around a fixed axis. Acceleration is the rate of
change of speed. Torque is the rotary force produced by

a motor on its output shaft, usually measured in Newton
meters (Nm) and foot-pounds(ft-lbs). Torque may be used to

determine the mechanical power output of the motor. This,

in turn, can be used with electrical power to calculate overall

system efficiency.

Tektronix motor drive analysis software with Option 5/6-IMDA-

MECH supports these transducers:

Hall effect sensors
Quadrature encoders
Resolvers

Torque sensors

The software also supports torque measurement based on

motor current for motors with a fixed torque constant.
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Hall Effect Sensors

Shaft

Controller

+REF

HALL A
HALL B
HALL C

Figure 34. The 5/6 Series MSO oscilloscope can connect to the outputs of the Hall effect sensors to measure speed acceleration
and direction.

Hall effect sensors are used to provide position feedback to control systems. For example, they are used in BLDC motors to
monitor rotor position to synchronize commutation. Their output may be used to calculate speed, acceleration, and direction.
They produce pulse outputs proportional to speed and are often used in a trio.

The IMDA software can use Hall sensor outputs to plot motor speed and acceleration, as shown in Figure 36. To set up the
measurement, indicate the number of pole pairs and gear ratio so the software can properly measure speed. You can use
TPP1000 passive probes or high voltage differential probes, such as THDP0200 or THDP0100, depending on the motor output
power and noise levels. On the 5 or 6 Series MSO you can also use TLP58 logic probes on any oscilloscope channel to measure
the sensor output pulses. Using a logic probe on one of the FlexChannel inputs converts the input into 8 logic channels, allowing
a single channel to support multiple Hall sensors. By comparing the motor rotation to speed measurements, you can validate that
your connections are correct.

1/2:3,4,5,6

R14- - R2 T 1
Hall A
Elec/Ang
120°
>
R1-4- -+ R2 T 1
Hall B
Elec Ang
120°
Hall C
R14- - R2 T T
tR1, tst tR2 tsp

Figure 35. Three Hall sensors provide feedback used by a control system to determine rotor position. This example shows 6-step
commutation on a motor with 4 pole-pairs. The start of mechanical rotation is tst. The end of the rotation is tsp. There are four
electrical cycles in one mechanical revolution. IMDA software can use this information to measure speed, direction and acceleration.
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Mechanical speed is calculated from the time, in seconds,
it takes for one revolution of the rotor. Speed is given in
revolutions per minute (RPM).

Mechanical Speed = (t

sp

— ) (60)G

st

where the difference between the stop time (t,,) and start time
(ts) represents one mechanical revolution of the rotor. The
number of pole pairs, specified as in Figure 36, determines
how many electrical cycles make up each mechanical
revolution. The gear ratio, G, may be used to account for any
gearing between the rotor and output shaft of the motor.

Figure 36. Configuring a speed measurement on the
oscilloscope for a system using Hall sensors.

PRIMER

Acceleration is rate of change of speed per unit time

Speed,,.; . Speed,,

tn+1 +

Acceleration +
tn+1 - tn
The IMDA software uses the order of rising edges or the order
of falling edges of the Hall sensor outputs to determine the
motor’s direction of rotation.

To measure direction the number of pole pairs must be
specified. Consider a two-pole-pair motor as shown in

Figure 37, in which A, B and C represent Hall sensor positions
120° apart. The north pole (N1) of the first rotor magnet
crosses Hall sensor A at 0 degrees and outputs a rising edge.
If the configured direction of rotation is clockwise (A-B-C)

N1 will cross Hall sensor B next, at 120 degrees from Hall A.
However, N2 is only 60 degrees away from Hall sensor C and
will cross Hall C first. Thus, for a two-pole-pair motor, the
pulse edge sequence will be A-C-B.

The IMDA software also validates the direction by comparing
the first rising edge on Hall A sensor with the next edge

after 120 degrees. For example, if the first rising edge is
from Hall A and a rising edge of Hall B is observed at 120
degrees, then the rotor rotation sequence is determined to
be A-B-C, clockwise in this example. If after 120 degrees a
rising edge is observed on Hall C, the rotation is A-C-B or
counter-clockwise.

Stator Coil
Windings
Rotor
Magnets
Hall C - ">~4 HallB
240° 120°

Direction of rotation for 2 pole pair
follows N1-S1-N2-S2

Figure 37. To determine the direction of rotation, the number of
pole-pairs on the rotor must be known.
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Figure 38. Hall Sensor waveforms and measurements. The two traces at the bottom of the display are trend plots of speed

and acceleration.

Quadrature Encoder Interface (QEI)

PRIMER

The Quadrature Encoder Interface (QEI) consists of a slotted disc mounted on the rotating shaft, light sources (LEDs), and light

receivers (phototransistors).

Light Transmitters Receivers

T o oA ML
GD: O Conditioning © B—I_l—l_l—l_l-
@ o ozZ_[]

Figure 39. The basic operation of a quadrature encoder.

The number of slits in the disc determines the PPR (Pulses Per Revolution). The light from LEDs passing through the slits on the

disc is transmitted to phototransistors and converted to pulse signals which are 90° out of phase.
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Decoded bus states

/ 1 encoder line \

1 1

Ph A 0'0
90°
-

Ph B 0 0.0 |
l«—— Reference pulse
y4 zero signal

tst tsp

Figure 40. Pulse patterns of a quadrature encoder interface.
The signals are 90° out of phase, resulting in 4 state transitions
during one cycle of Ph A: 10, 11, 01, and 00.

G-60
Speed = 4-PPR
Z n+1 At(n)

where speed is measured in RPM, and PPR is the number

of pulses per mechanical revolution. At, is the difference
between a state transition, that is where an edge occurs on
Ph A and then and edge occurs on Ph B. There are 4 state
transitions for each pulse cycle of Ph A, so there are 4*PPR
state transitions per revolution. The gear ratio (G) may be used
to scale the speed to account for sensors that are geared up
(G>1) or geared down (0<G<1).

The incremental angle (or resolution) of the encoder is:

360

Incremental Angle =
4 -PPR

The IMDA software calculates the angle of rotation by
counting the number of transitions and multiplying by the
incremental angle.

PRIMER

Resolvers

A resolver is a type of sensor mounted on a motor to
determine the angular position of the rotor. Due to its simple
construction and reliability, it is widely used in rugged
conditions with high temperatures and vibration. It consists of:

e An excitation coil that is driven by a high-frequency
sinusoid input

e Two stationary orthogonal output coils

e ——]
«— = Vc = Vr+sin(wt) * cos(6)

Vr = Vi » sin(wt)

Vs = Vr * sin(wt) » sin(8)
Rotary s = Vr » sin(wt) * sin(6)
Transformer

Figure 41: Block diagram of resolver system with an excitation
coil in the rotor and stationary output coils at a right angle to
each other.

Figure 41 shows a block diagram of a resolver along with its
output signals. It consists of a stationary part called the stator
and a revolving part called the rotor, which is attached to the
motor shaft.

The primary winding of the stator is connected to a high-
frequency sinusoidal signal. This excitation signal is coupled
by transformer action to a winding on the rotor. This rotor
signal is the reference signal shown in Figure 42.

Two secondary stator windings provide the output signals.

A sine and a cosine winding are mounted 90 degrees apart.
As the motor rotates, the alternating magnetic field of the
rotor winding induces an amplitude modulated voltage in the
sine and cosine windings. The signal amplitudes at any given
time depend on the angular position of the rotor. The relative
magnitudes of the sine and cosine voltages may thus be used
to determine the instantaneous angle of the rotor.
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Sininput

Cos input

Refinput 4

Sin extracted 1

Cos extracted 4

Angle output |

1303-049

Figure 42: The resolver sin, cos and ref signals are used to
determine a motor’s rotor angle in real time.

Figure 43: Mechanical measurements using resolver sensor signals.
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Mechanical measurements with a resolver require three
analog input waveforms: sin, cos, and reference. The
reference signal is the excitation signal, whereas the sin

and cos signals are the output coil signals. The sin and cos
signals are modulated by the reference signal. The sin and cos
envelopes must be extracted in order to use them to make
measurements. As expected, the envelopes, will have a phase
difference of 90 degrees between them. At any given point in
time, the motor’s rotation angle is determined as:

Motor Angle = Arctan(Agn/Acos)

where A, and Ay are the instantaneous voltages of the sin
and cos envelopes.

Motor speed is determined by measuring the frequency of the
sine envelope signal. For example, if there are two pole pairs,
two cycles of the envelope represent one rotation.

Speed = Frequency(envelope signal)/pole pairs


http://tek.com

Making Measurements on 3-Phase Motor Drives with an Oscilloscope

Torque measurement

Motor torque is a rotary force produced by a motor on its
output shaft. It is a twisting force measured in Newton meters
(Nm), Foot-pounds (ft-Ibs), ounce force-inch (ozf), Inch-
pounds-force (inch-Ib), etc. The IMDA software on the 5/6
Series MSO supports two torque measurement methods.

Sensor Method

This is the most common torque measurement method, using
a torque sensor or load cell output as shown in Figure 44.
Measuring torque generated by motors can be done by
coupling a rotary torque sensor in line with the motor shaft.
One can capture the torque waveform using a passive voltage
probe and the voltage waveform will be proportional to a
measured torque value.

Tektronix Oscilloscope

CH1

Torque

measurement .
Passive probe

AC mains

]
~<——| Drive Motor ( Shaft Ger?ecr:ator To Load
1

Figure 44: Oscilloscope connections for measuring the output of
a torque sensor with IMDA software.

You must configure the high and low values of the torque
sensor and the corresponding high and low values of the
output voltage from the probe. The measurement will scale
the acquired voltage waveform to torque values.

A load cell measures force. In this case torque is computed
as product of force and arm length (distance) to convert the
measured force to torque.

PRIMER

Current Method

Torque may be inferred from the RMS current in motors that
have a specified torque constant. This provides an estimation
of the torque value. Figure 45 shows the connection setup for
torque measurements using the “Current Method”.

Tektronix Oscilloscope

\

Current CH1
measurement

Armature -
inputs —( Motor c Shaft ()

Figure 45: For motors with a specified torque constant, current
may be used to closely approximate torque.

In this case, the torque produced by the motor is directly
proportional to the single or three-phase RMS current. The
proportionality factor is represented by the torque constant of
the motor.

Torque = Torque constant * IRMS

Mechanical power

Mechanical power generated at the output of a motor

is computed as the product of measured speed and
torque values. The multiplier is a constant used to provide
mechanical power in watts. Speed is given in RPM. The
value of the constant depends on the units used for torque
measurements: 104.7252 for nm, 0.739522 for oz-inch,
141.9883 for ft-Ib, or 11.83235897 for inch-Ib.

Mechanical Power = (Torque * Multiplier) * Speed
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System efficiency

System efficiency is the total efficiency of the motor drive
system. It is also known as electro-mechanical efficiency.

It indicates how much electrical energy is converted to
mechanical energy. System efficiency is measured as the
ratio of mechanical power from the motor to the three-phase
electrical power used to supply the drive.

System Efficiency = Mechanical Power / Electrical Power

System
Efficiency
Motor 4
Efficiency
Motor Dynamometer
Mot H—H
R o EE[ =]
3 Phase Motor
Input Input Torque
Power Power Sensor
T— Electrical —T

Efficiency

Figure 46: Efficiency measurements can be made for the
inverter (electrical efficiency), for the motor efficiency, and for
the overall system.
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Dynamic Measurements

A common requirement in motor drive analysis is an ability
to look at the motor response over time to monitor the
DUT’s behavior when accelerating and under varying load
conditions. These dynamic measurements will help you
understand the interdependency between parameters such
as voltage, current, power and frequency under different
conditions. The IMDA software offers two types of trend
plots in the Power Quality measurement group to conduct
this analysis:

e Time trend plots
® Acquisition trend plots

Each type of plot has its advantages and can be used to plot
the supported sub-measurements within the Power Quality
measurement group. The plots can be saved as a CSV file for
post-processing.

Time trend plots

The time trend plot shows the measured value for each
waveform cycle over a single acquisition. This is useful for
examining and correlating detailed, short-term variations in
measurements.

Figure 47. Time trend plots in IMDA software record measurements as they change within a single acquisition.
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Acquisition trend plots

Acquisition trend plots record a single mean measurement value for each acquisition. This makes them useful for longer-term

analysis. You can specify the test duration by setting an acquisition during the test configuration. The plots can be saved as a

CSV file for post-processing. Time values are available when plot data is saved as a CSV file.

Dynamic load control is important for 3-phase induction motors and other electric motors as well. Acquisition trend plots make it

possible to observe measurements during acceleration, at constant speed and during deceleration.

Figure 48. Acquisition trend plots record measurements as they change over multiple acquisitions. These are the green traces above.
Note that waveforms and measurements for the most recent acquisition are also visible.

Summary

Making measurements on 3-phase motor drives presents
challenges due to the connections that must be made, the

complexity of waveforms and the daunting amount of math.

IMDA software on Tektronix 5/6 Series MSO oscilloscopes
greatly facilitates these measurements, providing power
analyzer measurements with the benefits of the high-
speed sampling systems and visualizations of real-time
oscilloscopes.

With oscilloscopes, 3-phase motor drive designers can
perform analysis under both static and dynamic operating
conditions, observing both electrical and mechanical
parameters for a thorough understanding drive performance.
The sampling and processing power in the 5 and 6 Series
MSOs enable capabilities such as DQ0 measurements

that enable one to see deep inside control systems. These
capabilities are not currently achievable with power analyzers.
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