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1.0 Introduction

Speed and Torque Regulation

Adjusting and regulating the operating speed of a driven machine is usually the
primary reason for using any adjustable speed drive. This technical guide explains
the relationship between speed and torque and discusses vapects a$ speed

and torqueegulation.

Using This Guide

This guide has been designed to provide aterstanding of the principles of
speed and torquegulation as they relate to high performance adjustable speed
drives. The background discussion leads to information regasptying
adjustable speed drives in high performance applications.

Readers wanting to gain an understanding of the principles of speed and torque
regulation should start at Section 2, (page 2).

For information regarding high performance applications, please go straight to
Section 7 (page 9).




2.0 Adjustable Speed Drive Terminology

The terminology used in discussing adjustable speed drives is not always used
clearly and consistently. This guide attempts to clearly define the essential terms
using the definitions that appear to be most commonly recognized in the United

States.

In this guide, the ternAdjustable Speed Driveneans the combination of an
Adjustable Speed Motor Controlland a motor. The adjustable speed motor con-
troller provides electrical power that is controlled in a way that regulates the oper-
ation of the motor. The motor converts the electrical power to mechanical power
in the form of speed and torque.

It is important to remember that many of the characteristics of a drive are the result
of a particular motor and a particular controller working together as a coordinated
system. The drive will not provide the expecfegiformance unless both the
motor and the controller have the necessary characteristics and capabilities.

An Adjustable Frequency Driver AF Drive combines an AC motor with an
Adjustable Frequency Controlleéhat regulates the frequency of the AC power
applied to the motor. In addition to regulating thegfrency, the AF controller
regulates the voltage and other characteristics of the power.

A DC Drive combines a DC motor withRC Controlleror Converterthat regu-
lates the DC voltage and current applied to the motor armature and shunt field.



3.0 Speed, Torque and Hor sepower

Speed and torque are the fundamental quantities used to describe the operation c
rotating machinerySpeeds usually expressed in shaft revolutigues minute or

RPM In adjustable speed drive applications, performance is usually discussed in
terms of the speed, torque and offemameters thatpply to the shaft of the motor.

If performance parametease defined for some location other than the shaft of the
motor, it is usually necessary to determine equivalent parametssvak they
apply to the motor shaft. Process or machine tifiss1such as surface feet per
minute must be converted to the equivalent motor shaft RPM. To distinguish the
location at which a parameter such as speed is measured it is sometimes written a
“speed at the motor shaft” or “speed referred to motor shaft.”

Torqueis an expression of the forapplied to turn a shaft. Indire 1, a force of

25 pounds is being exerted on the crank. The torque is the force multiplied by the
radius of the crank or 3ounds-FeetPounds-Feebr Lbs.-Ft.are the usual units

of measurement for torque. For the example in the figurgueads calculated:

251bs.x 24in. =1001Ibs.x 6 in. =6001Ib. - in. 600bs.-in.x 112f|tn = 50Ibs.-ft.

100 Lbs.
25 Lbs.

Figure 1 Torque

Horsepowels not really a fundamental parameter but a calculation of the power
consumed when a certain amount of torque is used to turn a shaft at a certain
speed:

Torquex RPM
5252

Horsepower=




4.0 Operating Speed and Speed Regulation

Each motor has its own individual torque vs. speed curgerdi2, curve A is a

torque vs. speed curve for a typical 4 pole, NEMA B, squirrel cayeciion

motor powered from a 3 phase, 60 Hz power line. This curve indicates the operat-
ing speed for a particular motor when loaded to any particular torque or the torque
produced by the motor when operating at any particular speed. Although this is a
constant speed motor, a torque - speed cunvgeahul in defining the torque pro-

duced as the motor comes up to speed when it is started. The curve also shows the
small change in speed that results from changing the load at the operating point.
Additional terms and definitions and further discussion of AC motor torque can

be found in the ABB AC Drives Reference Manual, publication ST-10.

Figure 2, curve B is a torque vs. speed curve for a conveyor used to carry coal from
arailroad car to a coal pile. This curve indicates the toepared to operate this
conveyor at any given speed. The point at which the motor curve intersects the
conveyor curve is theteady state operating poirthis point indicates the oper-
ating speed of the conveyor when driven by this particular motor and the torque
that will be produced by the motor when driving this conveyor.

Locked Rotor ~ Motor (Curve A)
Torque Pull-out or
qé- / Breakdown _
S Torque Slip |
—
I
i . I
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Point I
Conveyor (Curve B) Il
¥
0% |
0 1800
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Figure 2 Torque vs. Speed for Standard AC Motor and Load

The 1800 RPM, no load point on the AC motor’'s torque-speed curve is the
motor'sSynchronou$peedThis is the speed at which the motor would theoreti-
cally operate if the load was zero, there was no load due to bearing friction and the
rotor had no electrical losses. An AC motor’s synchronous speed is determined by
the operating frequency (f) and the number of poles (p) in the stator winding:

For 60 Hz operation, the synchronous speed is 3600 RPM for a 2 pole motor, 1800
RPM for 4 pole motor, 1200 RPM for a 6 pole motor and so on. As indicated in
Figure 2, the difference between the synchronous speed anpletfating speed

is theSlip.
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Figure 3 shows an enlarged view of the same motor torque-speed curve as showr
in Figure 2 along with two torque-speed curves for the conveyor. The lower con-
veyor curve represents an empty conveyor and the upper curve represents a con
veyor fully loaded with coal. At every operating speed, more torqeegusred to

drive the conveyor when it is loaded with coal. If the conveyor is operating with
no load at 1790 RPM and then coal is loaded onto the conveyor, the conveyor will
slow down until it is operating at 1765 RPM. This small change in speeliing

from increasing the load shows the effect of the motor’s speed regulating capabil-

ity.
Torque
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Figure 3 Speed Regulation -- Standard AC Motor

Speed Regulatiois generally defined as the percagd speed change that results
from a given load change. In this example, the speed decreased by 25 RPM or
about 1.4% when the load increased from about 33% torque to about 83% torque.

The speed regulating capability of any constant speed motor or adjustable speec
drive is defined as the maximum speed change as a percentage of base speed th
results from increasing the load from 5% of rated load (essentially no load) to full
load while holding constant all other variables that might cause a speed change.

No Load Speed FullLoad Spee
Base Speed XO!LOO

Percent Regulatiore

The Base Speedf a motor is the rated operating speed at which the motor will
develop rated horsepower. For the motor in the example, the base speed is the

same as the full load speed, 1755 RPM.



The speed regulating capability of the motor in the example is:

1800- 1755
et = 0
1755 x 100 = 2.5%



5.0 Adjustable Speed Drive Speed vs. Torque

Adjustable speed motor controllers allow motors to operate on an infinite number
of speed-torque curves. There is a speed-torque curve associated with every pos
sible speed command setpoint. Figure 4 shows torque-speed curves at several se
points for a basic adjustable frequency drive. These are simply AC motor torque-
speed curves for several operating frequencies.

An adjustable frequency drive normally uses only the solid portion of the torque-
speed curve. The drive’s protective circuitry preveptration on the dotted por-

tion of the curve. The AF controller rating selected for a given motor determines
the maximum available torque for adjustable speed operation (solid portion of
curve). The controller’s current limitrcuitry sets the maximurourrent that the
motor is allowed to draw. For any given motor, the maximum point on the solid
portion of the curve represents the torque that the motor will produce at the max-
imum current permitted by the controller.

For constant torquapplications, AF contradrs are usually selected so that suffi-
cient current is available for the motor to produce 150% of rated torque. If the con-
troller is selected to provide more than the usual maxirourrent for a given
motor, it might be termed an “oversized” controller. If an “ovaadfl controller

is selected, the motor will produce more than 150% torque. As the motor operating
point moves up the curve, each incremental increaseqoecequires a leger
increase in current. As operation approaches the peak of the curve (pull-out
torque), the “torque per amp” is reduced significantly. For this reason, drives are
not usually sized for operation above 70% of the pull-out torque capability of the

motor.
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Figure 5 shows torque-speed curves for a DC drive with armature vi@tagda-
tion. For either a DC drive or an AC drive, the drive’s torque-speed curves are an
infinite number of parallel lines that are nearly vertical.
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Figure 5 DC Drive Torque -- Speed Curves

The torque-speed curves shown in Figures 4 and 5 can be used to determine the
speed regulating capability of thermsponding AF and DC drives in the same

way that the speed regulating capability of a constant speed motor was determined
from the torque-speed curve shown in Figures 2 and 3.

Speed regulating capability is usually defined as a percentage of the drive’s base
speed, not the setpoint speedapiplication requirements are stated in terms of
speed regulation within a given percentage of setpointetherement must be
re-calculated as a percentage of base speadén i properly specify the drive.

This is a very important distinction that may be understood meaelglwith the
following example. If the drive has a base speed of 1000 RRWwespeed reg-
ulating capability and a 100 RPM minimum operating speed then:

Maximum Speed Change Maximum Speed Change
Operating Speed +1% of Base Speed +1% of Base Speed
Stated in RPM Stated in % of Operating Speed

1000 RPM +10 RPM +1%
100 RPM +10 RPM +10%

If the application requires speed to be regulated with¥ of setpoint then the
required drive capability is calculated as follows:

RPMyinimum 100
H 0 —_— = 0 - 0
Speed Regulatior +1% x RPMg por +1% x 1000 +0.1%

Note that speed regulation does not include speed changes due to line voltage vari-
ations, ambient temperature variations or any factor other than load change. Speed
change due to factors other than load change is caéadce DeviationService
deviation usually encompasses the total speed change due to the maximum varia-
tion within the normal limits of service conditions. For example, service deviation
would include the total speed change due to all changes within the limit8%f

line voltage, 48 to 63 Hz line frequency, 0 t6@@mbient temperature, etc. Some



manufacturers may apply the te8peed Regulatiao all causes of speed change.
When this is done, the specified speed regulation usuallydesltwo numbers
such asl/3%. The first number (1%) is tl@perating Deviationthe percentage
speed changgue to a load change. The second number (3%) iSeéhace Devi-
ation, the percentage speed chadge to other factors.




6.0 Torque Regulation

Torque Regulatiomeans that the parameter regulated by the drive is torque rather
than speed. When torquegulation is used, the driveigplies a set tgue and
operates at the maximum spgximitted by the @racteristics of the load. For a
torque regulating drive, thertque vs. speed curves are a series of horizontal lines
as shown in Figure 6. Each line defines a drive’s torque vs. speed characteristic
for a particular torque refence setpoint.

Torqueregulating drivesre often used in load shariagplications wkre a speed
regulating drive controls the speed of the driven machine while a torque regulated
“helper” drive provides a controlled level of torque at some other location on the
machine. If the load does not restrict the speed of a toegueated drive, the

drive speed could exceed the safe operating limieréfbre toque regulating

drives must have a speed limiting mechanism that prevents the speed from exceed-
ing a safe limit if the torque presented by the driven machine drops to zero.

Torque
_|
N

Speed

Figure 6 Torque vs. Speed for a Torque Regulating Drive

With a DC drive, torque can legulated diectly byregulating armatureurrent.

In any motor, torque is thesult of the foce between two magnetic fields. In a
DC motor, torque is easily and directggulated by regulating treirrents that
control the flux in the two magnetic fields. The stator flux is the motor's magne-
tizing flux which is held constant by providing a constant field current. The
motor’s torque prducing flux is the fluxdue to the armature current which is con-
trolled to regulate tgue. The torque produced at any speed is given by: Torque =
K®l, whereK is a constantp is the magnetic flux produced by the stator field
and |, is the armature current. For a DC drive, the torque reference setpoints
shown in Figure 6, { T,, Tz and T, are simply armature current setpointslJ,

I3 and k.

With an AF drive, torqueegulation is more complex than it is with a DC drive.

In an AC motor, the stator current produces both the magnetizing and the torque
producing components of flux. The relative size of each flux componéiaor
Vectoris determined by the relationships among several electrical and mechanical
parameters. The electrical parameters that can be measured at the motor terminals



are stator voltage, frequency and current and the phase relationship between the
voltage and current. The primary mechanical parameters are motor shaft speed
position and torque.

AC motor torque can hegulated by controlling the relationships among the var-
ious electrical and mechanical parameters that affect the flux vedtord/ector
Drivesuse a torque control strategy that is very effective but requires mounting an
encoder on the motor to provide motor shpéexd and relative position informa-
tion. ABB’s Direct Torque Controtechnology provides excellent torque control
down to zercspeed without an encoder. With both flux vector control arettli
torque control, mathematical techniques are used to break down the stator curren:
into individual vector components. This allows motagte to be accurately cal-
culated and regulated. ABB’s direct torque control technology uses more power-
ful mathematical techniques that eliminate the need for an encoder. More detailed
information on this subject can be found in other ABB literature.

7.0 Improving Speed Regulation (Open Loop)

There are a number of techniques for improving spegualation. For DC drives,

field current egulation is used to prevent thedgoe vs. speed curves from chang-

ing due to magnetic field changes caused by line voltage variations, temperature
variations and other factors. IR compensation is used to adjust the armature volt-
age to compensate for the change in voltage drop acrassistance () of the
armature caused by the armature currght(l

The speed of a DC motor is proportional to the counter EMF voltagg\gen-

erated by the armature gl and thus speed is related to motor terminal voltage
(V1) by the equation, Mye = V1 - I xRa - BD. The IR voltage drop and the volt-

age drop across the comutator brushes (BD) cause the difference between VEMF
and Vf to increase as the load increases. This voltage difference Gpesed
Droop. Speed droop causes the DC motor torque-speed curves to “droop” from
the ideal vertical line as shown in figure 5. IR compensation increases VT as the
load increases in der to compensate for the voltage drops and make the torque-
speed curves more nearly vertical.

AF Drive speed regulation can be improved by compensating for the changes in
motor slip that are caused by load changes. The speed change due to the slip of a
AC motor is like the speed change due to the speed droop of a DC motor. Without
slip compensation, the speed setpoint sets a fixed operatingfrey that deter-
mines the motor’s synchronous speed. The motor’'s operating speed is determinec
by the motor’s slip which varies with load. (See Figure 2.) With slip compensa-
tion, the speed setpoint sets a fixed operating speed. The controller electronically
measures the load on the motor, calculates the motor slip pathatlar load and

sets the operating frequency so that the motor’s synchronous speed is above the
desred operating speed by the amount of the calculated slip. With slip compensa-
tion, the operating speed remains constant and the synchronous spesseacre

and decreases as the load changes.



In an AC motor, there is a change in the voltage dapss the stator resistance

(R) caused by the change in stator current (1) in proportion to a load change. This
voltage drop change causes a change in the magnetic flux in the motor’s air gap
and leads to variations in the torque-speed curves at low operating frequencies as
compared to the torque-speed curve for 60 Hz operation. IR compensation
increases the motor terminal voltage as the load increases to compensate for this
voltage drop (k R). This providles a more uniform set of torque vs. speed curves
up and down the speed range. This ensures that the motor can prodeqgeitkd

torque at low operating speeds withduawing excessiveurrent. A more uni-

form set of torque speed curves also allows the controller to more accurately cal-
culate the motor’'s slip and thus more accuratelgulate sped using slip
compensation.

The speedagulation of either a DC drive or an AF drive can be improved by using
closed loop spee@gulation or tachometer feedback as described in the following
section.

8.0 Closed Loop Regulation or Feedback

Basic Principles of Closed Loop Regulation

With closed loop regulation, a trahser is used to continuously monitor an oper-
ating parameter. The measured value of the parameter proVdedlaaclsignal

that is compared with the desired value calledSgtpoinbr ReferenceAny mea-
suredError is used to increase or decrease the output to match the setpoint. Figure
7 is a diagram of a closed loop regulating system. With a closed loop regulating
system, the steady state regulation accuracy is primarily determined by the mea-
surement and comparison accuracy. The input vs. output characteristics of the pro-
cess become less important.

External Influencing Factors

Power Ambient
Reference _* F Temp. Etc.
or
Setpoint Regulator outbt
Signal Error Process & Load
Signal l

Feedback Signal

Transducer

Figure 7 Closed Loop Regulating System



Process Regulation With A Drive “Inside The Loop”

Closed loop regulation can be used with an adjustable speed drive to regulate a
variety of processes. Figure 8 showsrdgulation of air pressure in tdect of a
ventilation system. As air outlet dampers are opened and closed, the speed of the
fan must be increased or decreased to match the demand for air flow and maintair
a constant duct pressure. The closed loop control system measures the duct pres
sure and adjusts the speed of the fan as edjuithe regulator control loop not

only adjusts for changes in air flow requirements, but also compensates the char-
acteristics of all of the equipment such as the drive motor and faawréanside

the loop.”
Air
Power —+ Fan Outlet
Pressure Motor Air
Setpoint
=Scponm, Regulator —s{  Drive H DUCtl
Feedback Signal
Pressure
Transducer

Figure 8 Closed Loop Pressure Regulating System

When an adjustable speed drive is “inside the loop” in a closed loop control sys-
tem, the speed regulating accuracy of the drive becomes less important than it is
in applications whre drive speed directly determines the accuracy of the process.
In a closed loop control system of this type, the drive needs only to provide the
required togue and respond to speed correcting commands from the regulator.




Closed Loop Speed Regulation

If motor speed is of primary concern rather than some process variable such as
pressure, speed can be measured with a transducer and regulated with a closed
loop regulator as shown if Figure 9. The transducer in this case is a tachometer
generatorA Tachometer Generatar Tachis a small generator that produces an
output voltage that is very accurately determined by its operating speed. There are
alsoPulse Tachshat provide a train of voltage pulses at an average frequency that

is exactly proportional to average speed.

Power —*
Speed Motor
Setpoint :
———» Regulator —m{ Drive EI Tachometer
Feedback Signal

Figure 9 Closed Loop Speed Regulation

The closed loop speed regulator compensates for any changes iardneasis-

tics of the drive caused by changes in load or by outside influences such as line
voltage and ambient temperature. With a closed loop segedator, the most
important characteristic of the drive is its ability to rapidly respond to changes in
requirements for torque. The relationship between torque regulation and speed
regulation in a standard DC drive configuration illustrates the importance of
torque response. Since the armature current in a DC motor directly determines
torque, the DC controller is configured as a closed loop curegatator. The

speed regulator then commands the current regulator to produce whatever torque
is requred to maintain the desired speed.



9.0 Dynamic Performance

Static vs. Dynamic Performance

The preceding sections of this technical guide dealvertySteady Stater Static
performarce. Static operation is operation with unchanging operating conditions.
Figure 10 shows a drive’s static and dynamic speed regulating performance. The
figure shows static operating conditions before and after a load change with a tran-
sition period of dynamic performance immediately after the ch&tgec Speed
Regulationis the change in steady stafeeed that is caused by a load change.

Static Performanceneasures the difference between twerating points without
considering the performance during the transition from peeating point to the

other. At each point, operation is measured only after the system has been operat
ing at that point for some length of time. Sufficient time is allowed so that there
will be no further change in operation related to the transition from one point to
another.

Dynamic Performancelescribes the operatiafuring the transion from one
operating point to another. The dynamic performareggability of a system
defines the system’s ability to respond to a load change or a reference change.

Speed Static Speed Regulation }
Steady State
Operating Point Transition T\OSteactJ!y St;lt_e t 4
| (Dynamic | perating Poin
Static Performance) | Static
Operation | l Operation
1
Torque | Load
Change
Time

Figure 10 Static vs. Dynamic Performance

Measuring Dynamic Performance

Figure 11 is an enlarged view of Figure 10 showingotimameters that quantify

both the static response and the dynamic response to a step change in load. Th
Transient Deviations the maximum deviation from setpoint immediately follow-

ing the load change. THeansient Response Tingetime required for the output

to return to the steady state regulation band after going through a period of dampec



oscillation. TheSteady State Regulation Basch smalDeadbandf output vari-
ation that is not recognized by tlegulator as a chge. Theregulation deadband

is caused by regulator and transducer resolution limitations. The steadiegtate
ulation is the change in steady state output resulting from a loageHanft is

the change in steady state outpué to temperature changes and other long term
influencing factors. Drift is usually specified for a 24 hour period
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/ —_—
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Figure 11 Response To A Step Change In Load

It is difficult to use transient response time to comparegémormance of two

types of drives because total system response time is, to a large extent, determined
by load inertia. Figure 12 shows another way of quantifying the dynamic change
in output speed due to a step change in load tofdueeDynamic Speed Accuracy

is the area under the transient response curve measured in percent-seconds.

For the low inertia load, the figure shows that the maximum transient speed devi-
ation is 15% and the response time is 40 milliseconds. The dynamic speed accu-
racy is the area of the shaded triangle or ¥580ms/2 = 0.3%-seconds. For the

high inertia load, the dynamic speed accurad/5%ox 80ms/2 = 0.3%-seconds.

This example shows that the dynamic speed accuracy is about the same for a low
inertia load as it is for a high inertia load.

Torque | Load Change
100%

J Low Inertia Load J High Inertia Load
0%

Speed | Resulting Transient Speed Change
— 40ms |-
100% T

VN - —————— — — = = = = = = = — =
Shaded Area = 0.3% Sec. Dynamic Speed Accuracy

Time
Figure 12 Dynamic Speed Accuracy

Figure 13 shows the dynamic response of a drive resulting from a step change in
reference. The parameters that quantify the performanecgse time, peak over-
shoot and settling tim&.he Rise Timés the time required for the output to rise
from 10% to 90% of its final value. Theak Overshoas the maximum amount



by which the output overshoots the final value. Beéling Timas the rise time
plus the time required for the output to reach a steady value after going through a
period of damped oscillation.
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Output -- Response
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90% — — —
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Speed

L ¥ _
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Time
Figure 13 Response To Reference Step Change

In many applications, it is important for a drive to accurately follow a speed ref-
erence as it increases or decreases on a linear ramp. In a web processing machir
for example, the speeds of the various machine sections must match each other a
a continuous web of material travels from one section to another. When the master
speed reference is increased or reduced, the drives for each machine section mu
accurately follow the change. Figure 14 showdXeamic Deviatiorthat occurs
whenever the speed reference changes.

Dynamic
Deviation

Y
}

Speed

Time
Figure 14 Dynamic Deviation

Bandwidthor Small Signal Bandwidtis another parameter that is sometimes used
to quantify a drive’s capability for accurately following a changing reference sig-
nal. Small signal bandwidth is measured by applying a small sinusoidal variation
to the regulator reference and observing tiiecébn the output. The bandwidth

is the maximum frequency range of input signal that the output can follow. Band-
width is also calledFrequency Response

The bandwidth can be given in radiges secondd) or in hertz (f). The relation-
ship between radians/sec. and Hos 2rf. Bandwidth is inversely proportional
to the systenTime Constaift) or Response Tim@y = 1/). The response time is
similar to the rise time shown in Figure 13. The response time is theetjueed

for the output to rise zero to 63% of its final value.



The bandwidth of a drive defines the maximum capability of the controller/motor
combination with nothing connected to the motor shaft. The bandwidth of a con-
troller defines the maximum electrical output capability of the controller without

a motor connected to the output terminals. The bandwidth of a system is the actual
operatingperformance of the drive and load when the drive is adjusted for opti-
mum performance with that specific load.

High performance control systems often have multiple control loops as shown in
Figure 15. The outermost control loggulates the process variable. This is often

a position control loop as it is in servo drive systems. A geperpbse drive sys-

tem might have a dancer position regulator that ultimately controls the tension of
a web or filament. The speed regulator loop is inside the process regulating loop
and the torque regulator loop is the innermost loop.

In order to provide stabjgerformarme,each inner regulator loop must beethto

ten times faster than the next outer loop. Thabjss 3 to 10 timeso; andwg =

3 to 10 timesw,. If the process is subject to fast changesi large) then a high
performance drive is reqaid (@, andw; must be large). Conversely, if the driven
machine has a high inertia or other characteristics that dictate that its final output
can change only slowly, then the drive does not need to have wide speed and
torque regulator bandwidths.

[ brocess Control Loon (for servo drives. position loop) I

rocess Control Loop (for servo drives, position loop)
| Bandwidth = w,

I I_Speed Loop I

| | Bandwidth = @, |
! | Torque Loop I |
| I | Bandwidth = G, | |

Process Speed Torque

Regulator Regulator Regulator 5 Process

T 7

Figure 15 Control Loop Bandwidth Relationships



Stability

The performance examples presented faushave all exhibited stabfeerfor-
mance. When thperformance of a system is stable, the output sustains a steady
value excepdluring perods of transition from one operating point to another. Dur-

ing transitions the output may oscillate, but the oscillation is damped and rapidly
decreases to a negligible value. In unstable systems, output may oscillate contin-
uously or for an extendgekriod of time. Figure 16 illustrates the responses to a
step change in reference for stable systems as compared to an unstable systen
Systems are usually adjusted for slightly underdamped or critically damped oper-
ation. A system is critically damped when it responds with the fastest rise time that
is possible without any overshoot.

Critically
Damped

Slightly

Overdamped
Underdamped

Unstable

Figure 16 Stable and Unstable System Response




10.0 Predicting System Performance

System performance is determined by the interaction among all of the components
of the system. The components of a control system include both the controlling
system and the controlled system. An adjustable speed drive system includes the
adjustable speed controller, the motor, all feedbaclaeoessory devices and the
driven machine. The characteristics of the driven machine or load are an essential
factor in determining the dynamic performance of an adjustable speed drive sys-
tem.

Figure 17 shows the load torque vs. speed for a driven machine parcson to

the torque capability of a drive. The difference between the load torque and the
intermittent torque capability of the drive is the torque available to accelerate or
deceekrate inertia.

Intermittent Torque
Capability of Drive

Torque Available For Accelerating Inertia ~ Continuous Torque
Capability of Drive

// y Load

A

100% -

Torque

Torque Available For Decelerating Inertia
0% ! |

Figure 17 Accelerating and Decelerating Torque

The load inertia reflected to the motor shaft plus the motor inertia and the torque
available for acceleration or deceleration determine the acceleration and deceler-
ation time. The acceleration and deceation time are the main components of the
drive’s response to a step change in speed reference.

Acceleration ordecekration time is given by:

_ (Load Inertia+ Motor Inertig x Speed Change

Time KxTorque

If the load inertia is expressed as MKbs.-Ft. Squared), speed change is given
in RPM and torque is given in Lbs. Ft., then the constant K is 308 for calculating
time in seconds.



The drive’s torque response is a very important factor in determining the drive’s
dynamic performance. When the loadqiee increases suddenly or when the
speed setpoint is suddenly changed, the drive is asked to instantaneously chang
the level of torque that the motor is providing. The driv@sque Responss the
response time (typically milliseconds) recpd for the drive to respond to a step
increase of zero to 100% torque demand.

Accurately predicting the compleperformance of a drive system and a driven
machine requires detailed information about both the drive and the machine. To
achieve optimum performance, the drive must be adjust®dn&dto the charac-
teristics of the driven machine. One aspect of tuning is to set the speed regulator
gain adjustments for the best regulation that can be achieved without getting too
close to unstable operation. The system bandwidth must be tuned to a frequency
that is below any mechanical resonance frequencies of the driven machine.

For existing machine designs, drives can be selected based on comparapgthe
bilities of available drives with the capabilities of drives that have been success-
fully used in the past. For new machines, the keys to success include experience
with similar machines and close cooperationMeein the machine design engi-
neers and the drive manufacturer.




11.0 Drive Performance Comparison

The following tables present a performance comparison for various AF and DC
drive configurations. This coparison prowies only a geeral survey of the levels

of performance available with several categories of configurations. Each category
could be subdivided based guesific controlleffeatures andpecific tach gener-

ator or encoder designs and specifications. The performance levels offered with
similar drive configurations may differ among various manufacturers partly due
to design variations and partly due to marketing decisiegarding appropriate
product and model differentiation.

Motor/ Speed Service Deviation (Speed Drift) Initial Warmup
Control Type Regulation Total Line Voltage Temperature Speed Drift
AC Motor
Across Line 1% - 3% 0.3%- 1% 0.3%- 1% <0.1% 0.1%- 0.3%
Open Loop AFD 1% - 3% 1% - 2% 0.3%- 1% 0.5%- 1% 0.5%- 1%
Enhanced Open Loop | 0.2% - 0.5% 0.01%-0.5% | Included intotal | Included in total 0.01% - 0.5%
Vector/Encoder 0.01% 0.01% Included in total | Included in total 0.01%
DTC 0.1-0.3% 0.01%-0.5% | Included intotal | Included in total 0.01%
DTC/Encoder .01% .01% Included in total | Included in total .01%
DC Motor
Voltage Regulation 2% - 3% 3% - 5% 1% 2% 5% - 12%
Analog Tach. 0.1%- 1% 0.15% - 3% 0.1%- 1% 0.1%- 2% 0.1%- 2%
Encoder 0.01% 0.01% Included in total | Included in total 0.01%
Motor/ Speed Range Torque Response Dynamic
Control Type Constant Torque Constant Hp Speed Accuracy
AC Motor
Across Line N/A N/A N/A N/A
Open Loop AFD 10:1 151 > 100 ms N/A
Enhanced Open Loop 15:1 151 > 100 ms 3%-sec
Vector/Encoder To Zero Speed 151 10-20 ms 0.2 - 0.3%-sec
DTC 100:1 151 1-5ms 0.3-0.4%-sec
DTC/Encoder To Zero Speed 151 1-5ms 0.1%-sec
DC Motor
Voltage Regulation 20:1-50:1 N/A 10- 20 ms N/A
Analog Tach. 200:1-500:1 31-4:1 10-20 ms 0.2 - 0.3%-sec
Encoder To Zero Speed 31-41 10-20ms 0.2 - 0.3%-sec

Notes: Enhanced Open  This drive classification includes AF drives with IR and slip compensation and
Loop AF Drives typical “sensorless vector” drives.

Speed Range The speed ranges listed in the table are the maximum capabilities of the control-
lers. These speed ranges can only be achieved when using motors that have
equivalent capabilities. The constant horsepower or field weakened speed rang-
es are the ranges usually available with general purpose drives and motors. Wid-
er ranges can be achieved with special motors and/or special control techniques.



12.0 Summary

This technical guide has defined and illustrated the terminology used to describe
and quantify the speed and torgegulating performance of adjustable speed
drives. The following are some important points to remember:

B Consistent application of well-defined terminology pdms the essential
foundation for describing, quantifying and comparing drive performance. Itis
particularly important to verify definitions of terms when combining or com-
paring information from several sources.

B Many of the characteristics of a drive arergult of gparticular motor and a
particular controller working together as a coordinated system. The drive will
not provide the expected performance unless both the motor and the controller
have the necessary characteristics and capabilities.

B Performance is usually discussed in terms of the speed, torque anzhodner
eters that apply to the shaft of the motor. If performance parameters are defined
for some location other than the shaft of the motor, it is usually necessary to
determine equivalent parameter values as they apply to the motor shaft.

B Performance is determined by the interaction among all of the components of
a drive system including the adjustable speed coetrdlhe motor, all feed-
back and accessory devices and the driven machine. The characteristics of the
driven machine or load are an essential factor in determining the dynamic per-
formance of an adjustable speed drive system.

B For existing machine designs, drives can be selected based on comparing the
capabilities of available drives with the capabilities of drives that have been
successfully used in the past. For new machines, the keys to success include ex
perience withisnilar machines and close cooperation between the machine de-
sign engineers and the drive manufacturer.



Notes
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