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INTRODUCTION

While motor output power is an important consideration for all applications, motor efficiency is equally
important for power-limited systems such as battery-operated applications. This paper will provide the
equations needed to calculate input power, output power, motor power losses, and efficiency for
properly sizing a motor, servo drive, and power supply for your application. It will also provide helpful
examples of calculating motor power while clearing up common misconceptions about power supply and
motor current.

CONSERVATION OF POWER

It is important to understand that the power supplied to a motor is conserved, as electrical energy is
converted to mechanical and thermal energy. That means that the difference in the power supplied to the
motor and the power output from the motor is power lost through inefficiencies like heating and
frequency-dependent hysteretic losses. A 100% efficient motor would be able to convert 100% of the input
power to output power. However, all motors experience some degree of power loss. Let’s break down the
dominant power components in motor operation.

System Power Considerations

All power to the motor is ultimately sourced from the bus power supply unit. If the goal is to choose a
motor given an existing power budget, meaning the power supply voltage and current are predetermined,
the available input power to the motor can be calculated as follows.

Efficiency, . , %
Pinporor = ( 100 s > * Ppower supply (Eq. 1)
where:
Ppower supply = Vpower supply * power supply (ECI' 2)

Alternatively, if a specific application torque-speed point must be achieved and drive efficiency is known,
we can work backwards to size the correct power supply unit using the equations below.

Pin
p _ motor 100 Eq.3
power supply EffiCienCydrive (%) ' ( ' )

where:

Pinmotor = Poutmotor + Plossesmotor (Eq 4)

REV220224 | Page 2 of 12 | 781.266.5200 | www.celeramotion.com



L™
.':"““- o}
Ottty

LN

0 MOTION
A Movanta Company

If we assume a 100% efficient drive and therefore no power losses are present, supply power is equal to
motor input power.

A common misconception is that motor current and power supply current are the same value. This can be
true, but only when the motor is in the stalled condition and no output power is being produced. In this
case, it also requires that the motor’s thermally limited stall current is equal to the bus voltage divided by
the motor’s phase-to-phase resistance. In the stalled condition, equation 4 becomes:

|

_ 2
power supply * Ipower supply = Imotor * Rmotorphase_w_phase (EQ- 5)
Using equation 5 and substituting power supply current for motor current gives:

v,

_ 2
power supply * lmotor = Imotor * Rmotorphase_to_phase (EQ- 6)

Isolate motor current in equation 6:

v !
Imotor = PO Y (Eq.7)

Rmowrphase—to—phase

The power supply current and motor current are only equivalent when the motor’s thermally limited stall
current is equal to the power supply voltage divided by the phase-to-phase resistance of the motor
winding. As stated above, although we show that this situation is in fact possible, it is often not the case, as
motors in most applications are not operating at the stall condition, nor is it common that equation 7 is
true.

Motor Output Power

Output power of a motor is the resulting power that is available to move the load after all system losses
have been accounted for.

Poutmotor = Pinmotor - Plossesmotor (Eq 8)
Output power can be calculated by multiplying the application speed (g) and torque (Nm).

P, = Torque * Speed (Eq. 9)

Utmotor
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Motor Power Losses

There are two types of power losses in a motor — core losses and copper losses. While power losses in a
torque motor are dominated by copper losses, it is important to understand what causes each source and
how they affect the output power of a motor.

Plossesmotor = Plossescore + Plosseswm,er (Eq. 10)

Core losses are caused by eddy currents in the stator’s iron core. While providing a rigid support for the
copper windings and completing the magnetic circuit of the motor, the iron core also allows for eddy
currents which create torque ripple in the motor. This is minimized by constructing the stator stack out of
iron laminations which are bonded together. Eddy current losses are frequency dependent and increase in
high-speed applications. For certain motor designs where high speeds are targeted (>5 kRPM), frequency
dependent losses should be considered when calculating motor efficiency however, they are negligible to
copper losses in our torque motors. Therefore, we will assume that motor power losses are equal to
copper losses for the rest of this paper.

Plossesmomr = Plossescopper (Eq 11)

Copper losses are caused by heating, as current flows through the windings of a motor. Three-phase
brushless motor theory tells us that power loss can be calculated using the equation below where the
single-phase resistance is known.

Plossescopper = IRMSZ * Rphase * 3 (Eq 12)

Equation 12 assumes that the single-phase resistance can be measured. However, generally the neutral
tap of wye-wound motors is not accessible — making it impossible to measure the single-phase resistance.
Therefore, we must introduce phase-to-phase resistance into the equation above.

R to—
2 phase—to—phase
Plossescopper = IRMS * 2 * 3 (Eq 13)

If current is not specified in units of Agys, use the equations below to convert current to units A,k of sine
orApc.

3
Inc = Irms * P (Eq. 14)

REV220224 | Page 4 of 12 | 781.266.5200 | www.celeramotion.com



aEEay
I‘-l-..l L)
- l"-l. L]

oyt " ®

e

.

[ Celera

A Movanta Company

Ipeak of sine — Ipus * \/E (Eq. 15)
Now plug Ip¢ or Ineak of sine iNto equation 13:
2
Plosseswpper = IDC * Rphase—to—phase (Eq 16)

3
_ 2
Plosseswpper - Ipeak of sine * Rphase—to—phase * Z (EC[ 1 7)

For more information on motor unit conversion, please read the technical paper linked here: Motor Unit
Conversions - What They Mean and How They are Used - Applimotion Direct Drive Motors
(celeramotion.com)

Overall power losses can also be calculated if the motor input and output powers are known.
Plossesmotor = Pinmotor - Poutmatar (Eq 18)
Motor Efficiency

Motor efficiency is the ratio of the motor’s output power to input power. While 100% efficiency is ideal, in
application, all motors will experience power losses that decrease the overall efficiency of the motor.

. . POUtmotor
Efficiencymotor(%) = ——=x 100 (Eq. 19)

Nmotor

While motor efficiency is not commonly specified on motor datasheets, it is synonymous with the motor
constant (K,,). The motor constant reflects the motor’s ability to output torque given power losses.

Torque (Nm)

K, =
\/Plossesmomr (W) (Eq 20)

Therefore, if you compare two motors of the same frame size and one has a higher K,,,, that means for the
same power loss, the motor with a higher K,,, has a higher torque output. Alternatively, a higher Km motor
can output the same torque with lower power losses. For more information on the motor constant, please
read our technical paper “Why Motor Constant Matters in Thermally Limited Applications”.

To determine what motor constant is needed for a specific torque requirement, first calculate the
dissipated power, then use equation 20 to calculate K,,,.
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MOTOR SIZING USING POWER CALCULATIONS

How do you narrow down your motor selection if you find more than one motor that meets your
application torque-speed point? In the following pages we will walk through an example where two
motors meet the required torque-speed point, and we use power calculations to determine which of the
two is most efficient.

Test Motors:

Motor 1: Omni+ 60mm OD, 13mm stack length, A winding
Motor 2: Omni+ 60mm OD, 50mm stack length, A winding

Rated continuous torque-speed curves for Motors 1 (Blue) and 2 (Red):

The application torque-speed point is 0.4 Nm at 1000 RPM (black dot in torque-speed plot above).

These torque-speed curves assume a 24V, bus voltage with an ambient temperature of 25°C and
allowable temperature rise of 130°C to a maximum winding temperature of 155°C. Additionally, these
curves reflect the continuous torque output at the rated current. However, to better compare these
motors, we need to reduce the current such that the torque output meets the application requirement of
0.4 Nm.

First, calculate the current needed to achieve 0.4 Nm of torque for each motor using the torque constant.
This is a key motor parameter that is specified on most motor datasheets.

Nm
A

Torque (Nm) = K,(——) * Current (A)

(Eq. 21)

Isolating for current, this equation becomes:
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Torque (Nm)

Current (A) =
kT (Eq. 22)

Motor 1:

Motor 1 K¢, (loaded, hot) = 0.031 ;V—m (pulled from datasheet)
DC

0.4 Nm

Nm
0.031 —
Apc

Current (Apc) =

Current (Apc) = 129 Apc

Blue Curve: rated torque-speed curve (T, = 0.5Nm) with rated current of 15.1 Ap
Red Curve: application torque-speed curve (T, = 0.4Nm) with application current of 12.9 Ap

Motor 2:
Motor 2 Ky, (loaded, hot) = 0.101 ;V—m (pulled from datasheet)
DC

0.4 Nm

Nm
0.101 —
Apc

Current (Apc) =

Current (Apc) = 4.0 Apc
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Blue Curve: rated torque-speed curve (T, = 1.55Nm) with rated current of 14.5 Ap,
Red Curve: application torque speed curve (T = 0.4Nm) with application current of 4.0 Ap,

Now that application currents have been determined, calculate and compare the power losses of each
motor using equation 16:

Motor 1:

= (12.9 Apc)* * (0.110 Q)

P losseScopper

Piossessapper = 18:3 W

Motor 2:
Piossescopper = (4:0 Apc)? * (0.1660)

Plossescopper =27W

Due to the significantly reduced current, the power loss for Motor 1 is more than six times the power loss
for Motor 2 when operating at the same torque-speed point.

While it is simple to calculate the power losses for a certain torque-speed point, the motor constant is a
helpful indicator of motor efficiency. Let’s look at the motor constants for Motors 1 and 2 as specified in
the datasheet. If we are correct in our assumption above, Motor 2 should have a larger motor constant

than Motor 1.
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SIZE 0OP-060

OPH-060-050-X
OPN -060-050-X

MODEL NUMBER

PERFORMANCE SPECIFICATIONS

Winding Option X
Continuous Torque® Nm
Max Torque Nm

ELECTRICAL SPECIFICATIONS

Design Voltage Wi
Rated Speed RPM
Continuous Current* A
Max Current” A
Resistance . .. (+/-10%) Ohm
Inductance . ... (/-30%) mH

K& 4 e-nhase O/~ 10%6) V.. krpm
Kt g e (unloaded 25° C) Nm/A
Kt g e (loaded, hot) Nm/A; .
Kt,, (unloaded 25° C) Nm/A__,
Kt (loaded, hot) Nm/A L,
Km (25° ©) Nm/VW
Km (hot) Nm/ W

0.462
130

24
5700
149
42.0
0110
0.05
3.60
0.034
0.031
0.029
0.027
0.103
0.085

OPH-060-013-X
OPN-060-013-X

B
0.474
124

48
5900
797
21.0
0.383
[efrk]
7.00
0.067
0.061
0.058
0.053
0108
0.088

C
0.540
138

48
4200
6.51
16.6
=0
0.33
9.52
0.091
0.083
0.079
0.072
0120
0.098

D
0.446""
0.500""

48
1600
2.59
5.20
3.33
jIEL
20.3
0194
0176
0168
0152
0.106
0.087

OPH-060-025-X
OPN-060-025-X

A
0.789
244

48
6700
13.6
420
0152
0.0
6.69
0.064
0.058
0.055
0.050
0164
0134

B
0.798
2.60

48
4100
9.52
30.0
0.310
0.20
0.3
0.098
0.089
0.085
0.077
0176
0144

(3
0.778
2.27

48
2000
515
15.0
1.06
0.73
7.4
0166
0151
0144
0131
0.161
0132

A
143
5.25

48
3800
14.2
52.0
0.166
014
116
0110
0,101
0.095
0.087
0.270
0.221

B C
150 1.40
5.36 4.82

48 48
2200 870
9.32 4.35
333 15.0
0.388 179
0.35 1.5
18.5 37.0
0377 0.353
0.861 0.321
0153 0.306
0139 0.278
0.284 0.264
0.231 0.216

As shown in the table above, our assumption is true - meaning that at the same application point, Motor 2

dissipates less power and is therefore more efficient than Motor 1.

MORE MOTOR SIZING EXAMPLES

Here are a few more examples of calculating motor power elements given drive, motor and application

specifications.

a. Calculate maximum motor input power given power supply voltage, current, and drive

efficiency.

Known: Power supply can provide a maximum of 24y at 24V . The drive we have selected
has an efficiency rating of 97%.

Using equations 1 and 2:

Pinmotor - (

7
100) * 24‘VDC * 3ADC
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P, =69.8W

Nmotor
b. Determine what K,,, is needed to achieve a torque-speed point of 0.5Nm at 1200RPM given
the above available input power to the motor.

Before calculating the output power of the motor, convert speed from units of RPM to
rad/sec.

rad 2T
S d(—)zS d (RPM — Eqg. 23
peed | —— peed ( )*60 (Eq. 23)

Speed (_rad) 1200 RPM o
= *k —
pee sec 60

rad
Speed = 125.7 —
sec

Insert calculated speed and known torque into the equation 9:

rad
=05Nm=*125.7—

Utmotor sec

P,

P, =629W

Utmotor

Now that output power is known, calculate motor power losses using equation 18.
Plosses oy = 09-8 W — 62.9W

Plossesmotor = 6.9W

Lastly, calculate the required K,,, using equation 20.

K« _O.5Nm

™ J6OW
K., = 0.19 Nm
m — Y- ,—W

2. Calculate heating losses of a motor given phase-to-phase resistance and motor current.

Known: The motor has a phase-to-phase resistance of 0.5 Q with a continuous current draw of
7 ADC.
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Use equation 16 to calculate heating losses.

Plosses,;opper = (7 ADC)Z(O-S Q)

Piossesuapper = 245 W

a. Calculate required input power given application torque-speed point, motor-phase-to-
phase resistance, and motor current.

Known: The motor will de driven at 5200 RPM at a torque of 0.6 Nm. The phase-to-phase
resistance is 0.1 Q and the motor current is 17.3 A, cqk of sine-

Before calculating output power, convert speed from units of RPM to rad/sec using
equation 23.

Speed (_rad) 5200 RPM o
= k —
pee sec 60

rad
Speed (—) = 544.54
sec

Insert speed and torque into equation 9.

rad

P, = 0.6 Nm * 544.54 —
sec

Utmotor

P, =3267W

Ulmotor

Next, calculate the heating losses in the motor using equation 17.
3

_ 2
Plosseswpper - Ipeak of sine * Rphase—to—phase * 4

2 3
Plosseswpper = (17-3Apeak of sine) (01) * Z

Piossesuapper = 224 W

Using equation 4, calculate the required input power to the motor from the drive.

P, =3267W + 224 W

Nmotor
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P, =3491W

Nmotor

b. Calculate the required power supply current for a 24 V. supply given a drive efficiency
rating of 98%.

Using equation 3:

3491 W
Ppower supply = T% * 100
Ppower supply - 3562 w

Next, isolate power supply current in equation 2.

356.2 W
Ipower supply = 24—VDC

Ipower supply — 14.8 Apc

c. Calculate the efficiency of the motor at the application torque-speed point using equation

19.
Motor Ef fici (W)—M*mo
otor Ef ficiency (%) = 391 W
Motor Ef ficiency (%) = 93.6 %
CONCLUSION

Motor power equations are crucial for properly sizing a motor. This paper has provided several examples
of how to determine parameters such as power supply voltage and current, input and output motor
power, and motor efficiency, which is critical for battery applications such as exoskeletons and satellite
communications. In these applications, sizing of power supplies, drives, and motors is best accomplished
using the power equations described in this paper. It was shown how motor constant can be used as a
measure of efficiency, as it reflects the motor’s ability to produce useful torque normalized by thermal
power loss. Because of this, the motor constant K, is the single most important metric when choosing a
motor for power limited systems.
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