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ABSTRACT

John Deere and Company (Deere), their partner, UQM Technologies, Inc. (UQM), and the Oak
Ridge National Laboratory’s (ORNL’s) Power Electronics and Electric Machinery Research
Center (PEEMRC) recently completed work on the cooperative research and development
agreement (CRADA) Number ORNL 04-0691 outlined in this report. CRADA 04-0691
addresses two topical issues of interest to Deere:

1. Improved characterization of hydrogen storage and heat-transfer management; and
2. Potential benefits from advanced electric motor traction-drive technologies.

This report presents the findings of the collaborative examination of potential operational and
cost benefits from using ORNL/PEEMRC dual-mode inverter control (DMIC) to drive
permanent magnet (PM) motors in applications of interest to Deere.

DMIC was initially developed and patented by ORNL to enable PM motors to be driven to
speeds far above base speed where the back-electromotive force (emf) equals the source voltage
where it is increasingly difficult to inject current into the motor. DMIC is a modification of
conventional phase advance (CPA). DMIC’s dual-speed modes are below base speed, where
traditional pulse-width modulation (PWM) achieves maximum torque per ampere (amp), and
above base speed, where six-step operation achieves maximum power per amp. The
modification that enables DMIC adds two anti-parallel thyristors in each of the three motor
phases, which consequently adds the cost of six thyristors. Two features evaluated in this
collaboration with potential to justify the additional thyristor cost were a possible reduction in
motor cost and savings during operation because of higher efficiency, both permitted because of
lower current.

The collaborative analysis showed that the reduction of motor cost and base cost of the inverter
was small, while the cost of adding six thyristors was greater than anticipated. Modeling the
DMIC control displayed inverter efficiency gains due to reduced current, especially under light
load and higher speed. This current reduction, which is the salient feature of DMIC, may be
significant when operating duty cycles have low loads at high frequencies. Reduced copper
losses make operation more efficient thereby reducing operating costs. In the Deere applications
selected for this study, the operating benefit was overshadowed by the motor’s rotational losses.

Rotational losses of Deere 1 and Deere 2 dominate the overall drive efficiency so that their
reduction has the greatest potential to improve performance. A good follow-up project would be
to explore cost erective ways to reduce the rotational losses buy 66%.

During this analysis it has been shown that, for a PM synchronous motor (PMSM), the DMIC’s
salient feature is its ability to minimize the current required to deliver a given power. The root-
mean-square (rms) current of a motor is determined by the speed, power, motor drive
parameters, and controls as

Lims = ( n, P, motor drive parameters, controls),



where n is the relative speed, ®/®pase = /Qpase, ® 1s the mechanical frequency, Q is the electrical
frequency, and P is the power. The characteristic current is the rms current at infinite speed,
when all resistance and rotational losses are neglected. Expressions have been derived for the
characteristic currents of PMSMs when the motor is controlled by CPA and by DMIC. The
expression for CPA characteristic current is

[CPA _ NEpase _ NEpase _ Ebase

17X QL QL

which is strictly a function of the machine parameters, back-emf at base speed, base speed
electrical frequency, and inductance. At high speeds, the rms current tends to remain constant
even when the load-power requirements are reduced. The expression for DMIC characteristic
current is

ppmic __ P Pm
n—oo 3Vmax 3\/§de D

which has nothing to do with machine parameters. This interesting result shows that at high
speeds under DMIC control, the rms current diminishes as the load-power requirements are
reduced. It also shows that the DMIC characteristic current can be further reduced by increasing
the dc supply voltage. This explains the main benefit of DMIC; its ability to minimize the
current required to meet a required load.
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STATEMENT OF OBJECTIVES

Deere, founded in 1837, is a world leader in off-road technologies that combine state-of-the-art
drive systems with alternative power and fueling systems to meet the demands of agricultural,
construction, and other consumer sectors. At ORNL, PEEMRC is a world leader in research on
power electronics and electric machinery and associated technologies such as fuel cells.
Researchers develop and prototype the next generation of cost-effective converters, adjustable-
speed drives, electric utility and distributed-generation applications, motor controls, and
efficient, compact electric machines. ORNL and Deere would use their respective expertise in
this highly integrated collaborative effort. ORNL would contribute expertise in thermal
dynamics and power electronics, and Deere would contribute its experience and expertise with
motors, inverters, and generators for off-road equipment. The Parties would collaborate to solve
problems with hydrogen storage, heat-transfer management, and traction-drive torque. This part
of the collaboration deals with advance traction-drive technology.

Task 2.A.1 was to determine if Deere can benefit from using DMIC technology to drive a
traction motor. The objective of this task was to determine whether or not the DMIC
technology has value in Deere applications that require a wide constant power speed ratio
(CPSR). The study involved a technical evaluation, including torque-speed performance and
efficiency as a function of speed, as well as an economic evaluation including cost of materials,
fabrication, and total drive cost.

Task 2.B was to collaborate with the Deere team to determine the values of power, torque,
or efficiency for which it is cost effective to apply ORNL’s DMIC, switched reluctance
motor (SRM), and High-Strength Undiffused Brushless (HSUB) technologies. The objective
of this task was to summarize for Deere the key analytical techniques for assessing the
performance of PMSMs driven by either DMIC or CPA. Sections 2 and 3 contain synopses of
the relevant theory for the evaluation of PMSM performance when driven by CPA and DMIC
respectively. These sections employ the parameters of the Deere 1 and Deere 2 designs for
demonstration. Since overall drive efficiency is a concern, methods for estimating inverter
losses are summarized in Section 4.
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BENEFITS TO THE OFFICE OF FREEDOMCAR
AND VEHICLE TECHNOLOGIES

An objective of the Department of Energy’s (DOE’s) Office of FreedomCAR and Vehicle
Technologies (OFCVT) is to move technology from invention to commercial application. This
CRADA between Deere and ORNL had as its objective an investigation of potential cost benefits
related to commercial application of inverter control technology developed at ORNL’s
PEEMRC. The technology was ORNL’s DMIC, which has the unique capability to control PM
motors for maximum torque per amp below base speed and for maximum power per amp above
base speed, and which has desirable inherent safety features. The goal was to quantify a cost
benefit for Deere to apply DMIC to one of its commercial products.
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EXECUTIVE SUMMARY
BACKGROUND

Many production traction-drive systems must provide sufficient torque for vehicles to climb a
hill with a large load at low speed and yet have modest highway speed. This requires their
system to deliver design torque from rest to base speed and to deliver constant power over a wide
range of speed, meaning it must have a high CPSR. The DMIC has potential to deliver constant
power with minimum current, which may enable a low cost traction-drive system to be designed
for low-inductance traction motors.

STUDY GOAL

For PM motor technology, two basic options exist to develop an electric-drive system with high
CPSR. One option is to add inductance to allow CPA control of the machine. The other option
is to use DMIC control. With CPA control additional current, which must be accommodated by
the motor windings and the inverter circuit and which reduces efficiency, is regenerated by the
motor rotor at high speed flowing back through the semiconductors’ bypass diodes. With DMIC
control, the effects of motor rotor at high speed are blocked by additional thyristors, which are
silicon-controlled rectifier (SCR) semi-conductors, whose control leads to the minimum current
necessary to deliver rated torque. The goal of this collaboration was to obtain a deeper
understanding of how the resulting system and operational costs are impacted by the use of
DMIC.

INVESTIGATION

Given a proposed traction application and design using a PM motor and CPA control as a
baseline, the cost impacts of using DMIC were investigated. The DMIC design leads to a
substantial reduction of peak-continuous current, which has potential to reduce motor and
inverter costs thereby offsetting additional SCR semi-conductor costs. Analysis showed that
reduction of motor and inverter costs was small, while the cost of adding separate SCRs was
greater than expected. Modeling of the DMIC control did display inverter efficiency gains due
to reduced current, especially under light load and higher speed. Reduction of these losses
would effect low-load high-speed duty cycle applications and make operation more efficient
saving operation costs due to reduced energy input.

CONCLUSION

DMIC control does offer a solid technical basis for extension of an electric-drive system with
high CPSR. The potential cost benefit of this configuration is limited due to the additional cost
of the SCR components, since offsetting savings from a reduction of peak-continuous current
during operation is limited. A high level of insulated gate bipolar transistor (IGBT) and SCR
integration within the semiconductor packaging has potential to reduce this cost trade-off, thus
increasing the favorability of DMIC. DMIC did provide higher efficiency under light load and
higher speed, being favorable for applications where operational energy savings is important. In
this example of a high-duty load, the value of the operating benefit was less.
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1. INTRODUCTION

The main objective of this study was to determine whether or not the dual-mode inverter control
(DMIC) technology has value for the John Deere and Company (Deere) applications that require
a wide constant power speed ratio (CPSR). The study involved a technical evaluation of
torque-speed performance and efficiency as well as an economic evaluation of material,
fabrication, and total drive cost costs.

A secondary objective of the study was to summarize for Deere the key analytical techniques for
assessing the performance of permanent magnet synchronous motors (PMSMs) driven by either
DMIC or conventional phase advance (CPA). Sections 2 and 3 contain synopses of the relevant
theory for the evaluation of PMSM performance when driven by CPA and DMIC respectively.
These sections use the parameters of the Deere 1 and Deere 2 designs for demonstration. Since
overall drive efficiency is a concern, the methods for estimating inverter losses are summarized
in Section 4.

1.1 BACKGROUND

The DMIC was developed at the Oak Ridge National Laboratory (ORNL) for extending the
CPSR of surface mounted PMSM that have low inductance. If one neglects resistance and
rotational losses, the DMIC allows low-inductance machines to be driven to an infinite CPSR.
However, recent research has shown that the DMIC may also have value in enhancing the
efficiency of high-inductance PMSMs. Competing PMSM drive configurations, which employ
CPA, work well if the machine inductance is sufficiently high. The study comprised evaluations
of two PMSMs, referred to as “Deere 17 and “Deere 2.” Both designs have a base speed of
600 revolutions per minute (rpm), a power rating of 60 kW, and a top speed of 6000 rpm. Their
rated torque was 955 Newton-meters (Nm) and their CPSR capability was 10:1. Deere 1 is a
high-inductance motor that can be driven over a wide CPSR by CPA or by DMIC. Deere 2 is a
low-inductance motor that requires DMIC to meet the CPSR requirement. Key parameters of
these two motors are summarized in Table 1.



Table 1. Parameters of Deere 1 and Deere 2

Parameter Deere 1 Deere 2
Stator outer diameter 341 mm 341 mm
Stack length 216 mm 188 mm
Length over end turns 267 mm 243 mm
Lamination weight 56 kg 49 kg
Copper weight 14 kg 13 kg
Magnet weight 3.2kg 3.5kg
Number of poles 24 20
Base speed 600 rpm 600 rpm
Top speed 6000 rpm 6000 rpm
CPSR requirement 10:1 10:1
Back-emf magnitude at base speed, Eb 63.63 @ 600 rpm 94 @ 600 rpm
(root-mean-square (rms) volts per phase)
Voltage constant, Kv 0.0844 0.1496
(rms volts per elec. rad/sec)
Rated power 60 kW 60 kW
Rated rms current 314 A 213 A
Resistance per phase 15 mQ 30 mQ
Inductance per phase 290 uH 400 xH
Rotational losses Pyq; (n) @ n = rpm/600
1000 rpm (n=1.67) 700 W 752 W
2000 rpm (n=3.33) 1800 W 1935 W
3000 rpm (n=5.00) 3300 W 3548 W
4000 rpm (n = 6.67) 5200 W 5590 W
5000 rpm (n=8.33) 7600 W 8170 W
6000 rpm (n=10.0) 10500 W 11290 W

1.2. SUMMARY

Technical evaluation of the Deere 1 and Deere 2 designs was performed by ORNL. Key
findings of the evaluation are given in Section 5. Main results may be summarized as follows:

e Both Deere 1 and Deere 2 can meet a 10:1 CPSR requirement.

e The efficiency of the CPA driven Deere 1 is higher than that of the DMIC driven Deere 1
at speeds up to and slightly beyond base speed. The reason for this lies in the added
losses resulting from the additional inverter components (thyristors) in the DMIC
inverter. An application whose load involves a high percentage of operation in the
vicinity of base speed will not likely benefit from DMIC.

e The use of the thyristors in the DMIC design allows the motor to be designed for high
motor back-electromotive force (emf) and lower motor current. The lower current
handling requirement may allow the DMIC inverter to be lower in cost than the CPA
inverter especially if the difference in current is at a “technology” breakpoint; e.g. if the
use of DMIC were to allow 300A transistors to be used when 600A transistors would
otherwise be required.

e The rotational losses of both motor designs are large at high speed and totaling
approximately 10 kW at the top speed of 6000 rpm. The cause of the rotational losses
and means for substantially reducing them warrants further study. Reducing these losses



would greatly enhance the overall efficiency of both the CPA and DMIC driven
machines.

e The rotational losses at high speed dominate other loss mechanisms such as motor-copper
losses and inverter losses. To sharpen the distinction between the DMIC and CPA driven
cases relative to motor and inverter losses, the efficiency studies were performed twice.
In the first analysis the rotational losses of Deere 1 and Deere 2, displayed in Table 1,
were included while in the second analysis the rotational losses were neglected.
Efficiency maps, with and without rotational losses, were constructed showing regions of
similar efficiency plotted on the torque speed envelope of the drives.

e Above base speed, the efficiency of the DMIC driven Deere 2 configuration is superior to
that of the CPA driven Deere 1. This is due to DMIC’s current minimizing feature,
which achieves optimal watt per ampere (amp) control in the constant power mode. The
efficiency enhancement of DMIC is most pronounced for load conditions less than full
power when operating at high speed. The value of DMIC for Deere applications will
depend strongly on the load-duty cycle. Applications with varying duty cycle that
involve considerable operating time above base speed will have the greatest gain in
energy efficiency from the application of DMIC.

Cost analysis of Deere 1 and Deere 2 cases was conducted by Deere personnel. The findings are
contained in Section 6. The main points of the cost evaluation are summarized as follows:

e UQM Technologies, Inc. (UQM’s) Deere 2 design did lead to a slight cost reduction
while ORNL’s Deere 3 design actually leads to a small cost increase.

e For the examples under study, no significant benefit in motor cost reduction was found.

e The redesign did lead to some slight but insignificant package size reduction.

Overall conclusions of the study are contained in Section 7. The main conclusions are:

e Drive efficiency can be improved, at high speed, using the DMIC even when the motor
inductance is high. Providing additional direct current (dc) supply voltage can further
improve the advantage of DMIC relative to CPSR.

e The main consideration in whether or not the DMIC has value in a given application
depends greatly on load-duty cycle at high speed.

¢ In this study, there is little difference in performance between the Deere 1 and Deere 2
drives with respect to losses and efficiency so that selection decisions would necessarily
be based on motor cost, which was not sufficient to pay for the DMIC’s thyristors.

e For the examples under study, no significant benefit in motor cost reduction was found.

e Use of DMIC is a mismatch for the cases examined because motor redesign doesn’t lead
to motor cost reduction and the Deere application spends most of its duty cycle at or
below base speed where the efficiency gains do not pay for the additional silicon-
controlled rectifiers (SCRs) required by DMIC.

The next section contains a discussion of the means for theoretical analysis of the performance of
the PMSM driven by CPA.



2. ANALYSIS OF THE PMSM WHEN DRIVEN BY CPA

Figure 1 shows a schematic of the three-phase PMSM driven by a voltage-source inverter (VSI)
as used in CPA. The figure also defines some of the parameters and notation used in this
discussion. The resistors R and R,y represent the copper losses and the speed sensitive
rotational losses respectively. The value of R,y can be calculated for any given speed using

knowledge of the back-emf rms magnitude and the watt value of rotational losses as contained in
Table 1. At relative speed n, the value of R,y (n) is calculated as

: 1
) (1)

Fig. 1. Motor/inverter schematic for PMSM driven by CPA.

p number of poles
N = actual rotor speed in rpm
Np = base speed in rpm

. N
n = relative speed = —
N

b
(), = base speed in electrical radians/sec
_ P 2mN,
2 60
Q = actual rotor speed in electrical radians/sec
= nQy
Ep, = rms magnitude of the phase-to-neutral emf at base speed

I = rated rms motor current

Pr = rated output power = 3Eplr

Ls = selfinductance per phase

L, = leakage inductance per phase

M = mutual inductance
L = equivalent inductance per phase =L, + Ls + M
R = winding resistance per phase



Van = applied phase A to neutral voltage
€an = phase A to neutral back-emf
€ab = phase A to phase B back-emf

The detailed technical assessment of Deere 1 and Deere 2 presented in Section 5 includes the
evaluation of losses, not only in the motor but also in the inverter. The main focus in Sections 2
and 3 is on CPSR performance and current-magnitude control and the discussion is greatly
simplified by neglecting the losses. Unless otherwise specified, the discussion in the remainder
of this section and the next assumes that the winding resistance, R, is zero and the rotational-loss
resistance, R,y , 1S infinite.

The transistors in the inverter of Fig. 1 are typically controlled by sinusoidal pulse-width
modulation (PWM) which uses a triangular carrier wave and three sinusoidal reference waves to
decide the switching pattern. A detailed PSPICE simulator is available to analyze the
performance of the PMSM as displayed in Fig. 1 and controlled by PWM when operating at
constant speed. Since the objective here is to focus on CPSR and efficiency calculations, the
details of control are intentionally omitted and a simplified per-phase fundamental-frequency
model is developed. Such a model is shown in Fig. 2 which is a phasor model of the motor drive
at a selectable but constant speed.

ORNL 2002-03422/jcn
R JX
> AW 50

Fig. 2. Fundamental-frequency model of one phase of a PMSM.

In the per-phase model of Fig. 2, the phasor Vrepresents the fundamental frequency line-to-

neutral voltage applied to the motor by the inverter. V is the rms magnitude and o is the
inverter-lead angle. Phasor Erepresents the phase-to-neutral motor back-emf and is chosen as
the reference phasor, such that the angle of E is zero. The magnitude of the emf is linear in
motor speed and the voltage constant, K,, with units of rms volts per electrical radian per
second. Thus, the rms value of the back-emf at any speed is given by



E = K,Q

\Y

- 0y
Q
= nEb

Qp, (2)

\Y

where E, is the rms magnitude of the line-to-neutral back-emf at base speed and n is relative
speed. Similarly, the motor reactance can be expressed as

X = QL

Q
= —QL, 3
q, b (3)

b
= nXb

where X, is the reactance at base speed.

We should distinguish between “base speed” and “true base speed.” Base speed is the highest
speed at which rated torque is required and the power developed at this speed is the rated power
of the motor drive. True base speed is the highest speed at which rated torque can be developed.
The true base speed is exactly the same as base speed when the dc supply voltage is selected as
the minimum value that permits rated torque to be developed at the base speed and is given by

Vic—min 2%\/ Ep + (Xplr) - 4)

This expression assumes that the PWM control will be in full over-modulation when developing
rated torque at base speed. If the dc supply voltage is less than V. _nin» it Will not be possible to

develop rated torque at the specified base speed; i.e., the true base speed will be less than the
specified value. If the dc supply voltage is larger than Vy._p,i, , then the true base speed is larger

than the specified value. Letting the true base speed be denoted as ny; we have

Vdc
Vdc—min

When a dc supply larger than the minimum is used, the rated torque can be developed at a higher
speed resulting in greater power-conversation capability; however, the drive control can be
configured to preclude using this extra capability; i.e., the control can restrict the maximum
torque above the base speed. Even though control may be used to constrain the torque speed
envelope, the addition of surplus dc supply voltage may allow reduced current magnitude at high
speed, thereby reducing inverter and motor-copper losses and improving efficiency. This
possibility is discussed further in Section 3.



Up to base speed the magnitude of the applied voltage, V, and the lead angle, o, can be adjusted
allowing the motor-current phasor to be put in phase with the back-emf. This maximizes the
torque produced per amp. Voltage magnitude V and lead angle &, required to support any
relative speed below base speed, n< 1, and rms current, |, is found from

V = nEb + jnIXb

jtan'l{nlxb}
= J(E, ) + (nIX,, ) e nEp

jtan'l{nlEXb}
=nyE2 +(Xpl) e "=b 1 (6)

The rms magnitude of V increases with speed and is limited by the available dc supply voltage.
Assuming that the dc supply voltage is the minimum value and that full over-modulation is
allowed, the maximum magnitude is obtained at base speed where n = 1 and rated rms motor
current is | = Ig, then

2 2 2 2
Vi =(Eo )’ + (12X = /(B + (1%L U
Similarly, the lead angle ¢ at base speed and rated current is given by
é':tan_l(—lebj . (8)
Ep

The power developed at base speed and rated current is the rated power of the motor and since
the current is in phase with the back-emf we have

Let us now restrict our attention to operation above base speed such that n > land V = V.
Neglecting the armature resistance, the phasor current of the motor is

1 =\Msin5+j E—Vm—""xcos5 , (10)
nXb Xb nXb

which has rms magnitude

| = \/Vn;lX —n2V__E, cosS +n’E; .

- nX, (1)



The total power injected into the motor by the inverter is

P, =3Re(V T*): sino, (12)

while the total power converted by the motor is

——k

P.=3Re(El )= N By sin o

Xy , (13)
=P, sino
where
P.=3 Vi By (14)
X b

is the maximum power that can possibly be converted, which corresponds to the lead angle being
90°. Since we have neglected the winding resistance, P, equals P, and the common value is

P, = Mo By sin&
X, : (15)

=P_ sind

max

P

m

This expression shows that it is easy to control the motor to deliver rated power above base
speed. All that is necessary is that the inverter-lead angle, o, be held fixed at that value which
causes P, in Eq. (15) to be equal to the rated value, P, given in Eq. (9), that is

§:Sin71 ﬂ
V_E,

max . (16)
:cosl( E, j
Vlnax

While constant lead-angle control allows the PMSM to operate at constant power above base
speed, it is not a certainty that doing so results in operating within the rated current. The critical
factor is the motor inductance as shown below.

Equation (11) gives the rms motor current, | , when operating at any speed above base speed.
Using lead angle, o, from Eq. (16) so that rated power is produced, we require that the rms
current in Eq. (11) be no greater than the rated value |, that is



| NViax =NV Ep cos & +n°E
B nXb

\/Vnzlax +n(n- 2)E7
- nXb

V24 +n(n-2)E
- nQbL

<lg

<lp : (17)

<Ig

Observe from Eq. (17) that, as the speed becomes unbounded

\/anax +n(n-2)E; _E,

Iim! = lim =
n—o n—o nXb Xb . (18)
_ Eb
oL

The limiting rms current magnitude in Eq. (18) is called the “characteristic current” [1]. Note
that the characteristic current depends only on motor parameters ( E,,€,,L) and is independent

of motor load and dc supply voltage. If we require that the limit in Eq. (18) be less than, or equal
to, the rated current, |, then we have an inductance requirement that yields an infinite CPSR,

which is

L = . (19)

Any PMSM having an inductance with the value in Eq. (19) or higher will have an unlimited
CPSR. Be reminded that winding resistance and rotational losses have been neglected in this
development.

For a finite CPSR requirement, the inequality in Eq. (17) at relative speed n equal to the CPSR
yields a minimum requirement on the motor inductance,

o V24 +CPSR (CPSR - 2) E7
i CPSR Q1§ '

(20)
And when V__ is determined from Eq. (7) and substituted into Eq. (17) the equivalent

requirement is

CPsR—-1_ Ey _ |CPSR-1
CPSR+1 Qplg |CPSR+1

21)



This expression shows that even for a modest finite CPSR, such as 4:1, the minimum inductance
is 0.77L, , which is a significant fraction of inductance for infinite CPSR.

The CPSR performance of a PMSM with a finite CPSR is shown conceptually in Fig. 3. In
summary, the key parameter in determining the CPSR capability of the sinusoidal back-emf
PMSM when driven by CPA is the motor inductance.

ORNL 2002-03448/jcn
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Fig. 3. Constant power performance of the PMSM driven by sinusoidal PWM.

To illustrate the use of the various formulas, the design parameters of the Deere 1 and Deere 2
motors from Table 1 are applied to Egs. (4), (7), (14), (19), and (21) and presented in Table 2.
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Table 2. Inductance requirements for Deere 1 and Deere 2

Parameter Deere 1 Deere 2
Pr 60 kW 60 kW
Q, 754 elec rad/sec 628.3 elec rad/sec
Eb 63.63 Vrms 94 Vrms
Ir 314.3 Arms 212.8 Arms
L 269 uH 703 4 H
L .. (for CPSR = 10) 243 uH 636 4 H

Actual L/ X,

290 £ H/0.21870)

200 £ H/0.2513Q

Characteristic current (E, / X))

291 A

374 A

max

93.66 Vrms/96.92 Vrms

108.1 Vrms/113.7 Vrms®

V. 208 V2153V 240.2'V/252.71V
81.7 kW/80.6 kW 121.3kW/1143 kW™
max
CPSR o0 1.96
(when driven by CPA)
"The second value of V. corrects for the winding resistance, i.e. V,__ is computed as
Vi = (B + 1R + (@ L1)° (22)

“*With winding resistance included,

3{Vmax Ep - Eé cos(tan‘l();b)ﬂ
Pmax = . (23)
[52 2
R™ + X§

the CPSR can be computed from Eq. (21) as

“"When the actual inductance L is less than L __

|_ 2
1+[j
L
CPSR=—272_ | (24)

The results in Table 2 show that Deere 1 has sufficient inductance to meet the 10:1 CPSR
requirement using CPA. Deere 2, however, cannot meet the 10:1 using CPA. DMIC will be
required if Deere 2 is to be driven over a 10:1 CPSR.

In the next section, the analysis of the PMSM driven by DMIC is discussed.
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3. ANALYSIS OF THE PMSM WHEN DRIVEN BY DMIC

The previous section contained a discussion of the PMSM when driven by CPA. The focus in
that section was on the relationship between CPSR and motor inductance. Although the DMIC
was originally intended for motors with low inductance, it has recently been shown to have the
potential for significant loss reduction for PMSMs with large inductance. To make this latter
point, an abbreviated treatment of the PMSM is given below that slightly overlaps the previous
discussion in Section 2. The mechanism through which the DMIC is able to achieve an infinite
CPSR, even though the motor inductance may be small, will be made clear within the discussion.

A recent paper [2] used a fundamental-frequency model to analyze the performance of the
sinusoidal back-emf PMSM driven in constant power mode by DMIC. The inverter includes a
common three-phase VSI supplemented with an alternating current (ac) voltage controller
between the inverter output and the motor. The ac voltage controller consists of three pairs of
anti-parallel SCRs as shown in Fig. 4.

| Voltage Source Inverter |
AC Voltage

Permanent Magnet
Controller Synchronous Motor
f_H A
| a8 N
L

T

Fig. 4. DMIC inverter topology.

Each SCR pair is a full ac switch. In steady state, the fundamental-frequency components of the
voltage across and current through the switch are 90° out of phase reflecting the lossless
behavior of the switch and giving rise to an “equivalent-reactance” interpretation of the SCRs.
On a per-phase basis, a fundamental-frequency phasor model has the form shown in Fig. 5 with

winding resistance and rotational losses neglected. In the figure, the parameter X, is the

equivalent reactance of an SCR pair.

12



Fig. 5. Per-phase fundamental-frequency phasor model for constant power mode.

As noted in Ref. [2], the equivalent reactance of the ac switch is not constant but varies with the
firing angle of the SCRs. The firing angle of the SCRs also controls the developed power of the
motor. Since the equivalent reactance of the switch varies with the developed power, one cannot
infer that the equivalent-reactance interpretation can be extended to a fixed equivalent inductance
that is in series with the motor winding. Note that the total reactance presented to the inverter is
the sum of the thyristor reactance and the motor reactance, X, +nX,. Thus, no matter how

small the machine reactance may happen to be, the thyristor reactance can be adjusted through
firing angle control to make the motor behave as though it were a high-reactance machine. This
is why the DMIC achieves an infinite CPSR even when the motor inductance is less, even
substantially less, than the minimum required to be driven by CPA.

The discussion in this section is based on Ref. [2] and has two main objectives. The first is to
show that the SCRs in the DMIC have greater value than simply extending the CPSR.
Specifically it is shown that during constant-power operation they allow the rms motor-current
magnitude to be minimized for any given power level. Thus, the DMIC enables “dual modes” of
optimal control. Above base speed, the DMIC allows “maximum watts per rms amp” control
during constant-power operation. Below base speed, the SCRs do not interfere in the inverter
voltage magnitude control that allows “maximum Nm per rms amp” during constant torque
operation. The second objective is to show that the current minimization capability enabled by
the SCRs in the DMIC inverter can result in substantially lower motor current than a common
VSI drive employing CPA even when the motor inductance is high. It is shown that the
minimum current magnitude achieved with the DMIC is independent of speed and proportional
to developed power. For a high-inductance motor driven by a VSI using CPA, the current
magnitude is shown to be speed dependent but virtually independent of developed power level.
At high speed, the reduction in motor-current magnitude is at least 0.7071 with the DMIC
relative to the same motor driven by a VSI. Significant reduction in motor current reduces not
only copper losses but also losses in the VSI. An economic evaluation of the DMIC must look
past the added first cost and additional losses due to the SCRs and consider the total value of loss
reduction in the motor and the inverter over the life of the drive.

The fact that high-machine inductance, or the addition of supplemental-series inductance, can
increase CPSR is not new as noted in previous works [3,4,5]. Removing the SCRs from Fig. 4
results in CPA. To contrast the performance of CPA and DMIC, we first consider the
performance of a high-inductance PMSM driven by CPA in Section 3.1 below. In Section 3.2,

13



we show the current minimization made possible by the DMIC. The performance of CPA and
DMIC are summarized in a single graph plotting normalized rms current versus normalized
developed power for relative speeds above base speed.

3.1 HIGH-INDUCTANCE PMSM DRIVEN BY CPA

Assuming that the thyristors are removed from the inverter of Fig. 4, the fundamental-frequency
model of Fig. 5 has X, =0 for all operating conditions. The model then represents a PMSM

driven by CPA.

thy

The discussion of the CPA driven PMSM in Section 2 focused on the relationship between the
motor inductance and CPSR. In this section, it is assumed that the inductance is sufficiently
large to meet a wide CPSR requirement and the focus is on the dependence, or lack thereof, of
rms motor-current magnitude on speed, developed power, and available dc supply voltage.

From Section 2, when operating above base speed, the rms fundamental-frequency voltage
applied by the inverter is

V=V

max

(25)

The inverter-lead angle depends on the dc supply voltage and the developed power and is found
from Eq. (13) to be

S =sin”' X,P , (26)
V_E,

max

and from Eq. (11) the resulting rms motor current at speed, n, is

V2 —2nV, E, cos & +nE?
| = - . 27)
b

Note that at any finite speed the rms current depends, at least to some degree, on dc supply
voltage through the dependence on V__ , on the developed power through the dependence on ¢,

max ?

and on motor parameters, E and X,. However, for high speed the rms current approaches the
“characteristic current” given by
E E,

liml =—t=—b (28)
nN—oo Xb QbL

The characteristic current depends only on motor parameters. When the inductance is
sufficiently large, the characteristic current is less than the rated motor current, and this is what



enables the CPA driven PMSM to operate with an infinite CPSR. There are, however, two
potential drawbacks for wide CPSR drives controlled by CPA.

The first drawback is that at sufficiently high speed, the rms motor current approaches the
characteristic current which is independent of load, P. This means that the motor current is
almost the same at no load as it is at full load. Consequently, the CPA drive cannot provide
optimum “watts per amp” control at high speed and the efficiency may be poor when the load
varies substantially at high speed.

One should expect that, if additional dc supply voltage were provided beyond the minimum
necessary to produce rated torque at base speed, the result should be reduced-motor current;
however, at high speed the motor current approaches the characteristic current which is
independent of the dc supply voltage. Thus, the second drawback is that increases in dc supply
voltage beyond the minimum required to support base-speed conditions are not effective in
enhancing the efficiency of the wide CPSR drive at high speed.

If the motor inductance is the value given in Eq. (19) corresponding to an infinite CPSR, it
follows from Egs. (7), (9), (14), and (13) that

Vmax = Eb\/E
I:)max = PR\/E
sin S = P ) (29)

Pr+2

cos 0 =+4/1 —sin? &

Then the rms motor current from Eq. (27) is given by

(30)

A plot of per unit rms current, | /1, versus per unit developed power, P/P,, is shown in Fig. 6

for relative speeds of 2, 4, 6, 8, 10, 20, and . The figure shows that when the motor inductance
is sufficiently large, L=L_ in this case, any developed power up to the rated power can be

achieved without exceeding the rms current rating of the motor. Note that even though the
inductance is large, the motor-current magnitude increases with speed. The “flatness” of the
current versus power curves indicates that the copper losses in the motor are virtually
independent of the developed power for the CPA strategy. Efficiency may be poor when high-
speed operating conditions require a developed power less than the rated power. A method that
can make the rms current proportional to output power can obviously reduce motor-copper losses
as well as the losses in the VSI inverter. In the next section, it is shown that the DMIC enables
motor-current-magnitude minimization or, equivalently, optimal watt per rms amp control.
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Fig. 6. Constant-power operation of a PMSM motor comparing CPA control with DMIC.

3.2 PMSM CURRENT-MAGNITUDE MINIMIZATION WHEN DRIVEN BY DMIC

Given that a PMSM with an inductance as large as that in Eq. (19) can achieve an infinite CPSR
when driven by a VSI, is there any benefit to driving the same motor using the DMIC? To
address this issue, we use the fundamental-frequency model of Fig. 5. Let the motor-current
phasor be written in the rectangular form

T=1+jl,
=[] =y17+17 G

where |, is the component of motor current in phase with the back-emf and |, is the component
in phase quadrature with the back-emf. The question is, can the equivalent reactance of the
SCRs, X, , be chosen so that desired power, P, is developed while the magnitude of the motor
current, | , is minimized? If so, the DMIC provides optimal “watts per rms amp” control. This

is a distinctly different form of high-speed control than CPA where the high-speed rms current is
the same at no load as at full load.

thy »

Observe that the value of the in-phase component of motor current results in the developed
power
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P =3InE,

- P . (32)
" 3nE,
Since |, is fixed per Eq. (32), the minimization of current magnitude, |, is the same as

minimizing the magnitude of the phase-quadrature component, |, . Let

X = Xy +NX,, (33)
so that
_ V. -E : | nE, V
[ :—V'”V_ E_ Vo sin & + J{h—ﬂcos 5}
= Ir + j IX
Recognizing that

3B G 5 p
X

2 s (35)
coso =, [1— _XP
3nE\V, ...
we find that the phase-quadrature component of motor current becomes
xp Y
nEb _Vmax - ———
3nE\V, .
| = . (36)

" X

Differentiating |, with respect to X, setting the derivative equal to zero, and solving for the

current minimizing reactance, X , yields

x* _ 3Vmax V anlf _Vrjax _ X*

- th
P y

+nX, (37)

or
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[A2E2 2
nEb_max

P

) V
-nX,
2
Vmax Ekf_vmgx
V n
P %
2
o P . Vinax
Y3V nE,
" P V

X

thy =

* 3Vma
3
=N

(38)

* max

nE,

r =
3Vmax

Equation (38) for X*thy clearly shows that no fixed inductance can provide the same effect as the

thyristors in the DMIC inverter. Specifically, observe that the reactance doesn’t vary exactly
linearly with speed due to the V. /n® inside the brackets in the second expression of Eq. (38),

and that the reactance is inversely proportional to developed power, P. Thus a fixed inductance
can only achieve the same performance as DMIC at a single speed and power condition.

The antiparallel SCR pair cannot have a negative reactance, the minimum value of X, is zero.

A value of X,
function as a short circuit. The value of nin Eq. (38) must be sufficiently large that X

thy
equal to zero would mean that the thyristors were being fired such that they

iy has a

non-negative value. For any given load power, P, the minimum value of n, which occurs when
the bracketed term in Eq. (38) is zero, is

Vmax Vmax ( 3 9)

n. = =
" E cosd ’
° E, cos (sin‘1 (PPD

where P_is the maximum power-conversation capability of the motor as given by Eq. (14).

With the optimal value of thyristor reactance, the minimum rms motor current is

L P . (40)

3vmax 3 E§+(XbIR)2

Note that Eq. (40) is independent of speed and directly proportional to developed power. As the
speed increases, the reactive-voltage phasor across the equivalent inductor remains perpendicular
to the supply-voltage phasor. It also follows that the motor-current phasor is in phase with the
inverter-voltage phasor, such that the inverter operates at unity power factor. Also note for any
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load level, P, an increase in dc supply voltage, which increases V__, will decrease the rms

max ?

motor current since | varies as V_' . Thus, high-speed operation with the DMIC can

substantially benefit from extra supply voltage through a reduction in motor and inverter losses.
This feature of DMIC is distinctly different from CPA where rms motor current at high speed is
independent of dc supply voltage.

Equation (40) applies whether the inductance is large or small. In cases where the motor is to
provide substantial regenerative braking for the vehicle, Eq. (14) shows that the inductance will
necessarily need to be small such that P is substantially larger than the rated power, P;. In

such cases, the CPA method would not yield adequate CPSR and DMIC would be essential. In
this discussion, we want to show that DMIC has substantial potential benefit even when the
motor inductance is large.

Letting the motor inductance be L, from Eq. (19) and using the corresponding V__  from
Eq. (29), the optimal rms fundamental-frequency motor-current magnitude is,

*

I (41)

— P I
V2R "

Note that Eq. (41) does not depend on speed. However, for the case under discussion, Eq. (39)
requires that the relative speed be greater than or equal to two in order for Eq. (41) to be valid. A

plot of per-unit motor current, 1" /1., versus per-unit developed power, P/P,, is shown in

Fig. 6 where the single curve shown is valid for any speed at and above n=2. For convenience,
the same set of axes was used to display the current versus power data for the same inductance
level when the motor is driven by CPA.

Although a motor with inductance, L_, is considered well suited for high CPSR applications

with CPA, the curves in Fig. 6 show that for relative speeds of two or greater the motor current is
always less for the same motor driven by DMIC and for most operating conditions the current is
substantially less with DMIC. Reductions in motor current will result in reduced motor-copper
losses, which vary with the square of rms current and reduce the losses in the inverter
components, which vary with the first power of the rms motor current. For example, at high
speed and rated power, the rms motor current with the DMIC is 0.7071 that of the CPA driven
motor. The motor losses are reduced by a factor of 50% while the inverter losses are decreased
by 29.3%. At high speed and 70% of full power, the rms current with the DMIC is 49.5% that of
the VSI driven motor. The motor-copper losses are reduced by 75.5% while the inverter losses
are reduced by 50.5%. Depending on the application, particularly the speed/load profile, these
loss reductions may more than compensate for the losses introduced by the addition of the SCRs
and the value of the energy recovery over the life of the drive may more than offset the initial
first cost of the SCRs.

The Deere 1 and Deere 2 designs are examined in the next section with respect to the current-
magnitude control properties with CPA and DMIC.
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3.3 COMPARISON OF DEERE 1 MOTOR-CURRENT MAGNITUDE WITH CPA
AND DMIC

The analysis in Sections 2, 3.1, and 3.2 can be easily extended to include winding resistance and
used to investigate the effects of using the minimum dc supply voltage or using a higher value.
The minimum dc supply voltage required to supply a specified base speed, including the effects
of winding resistance is given by

Vi e =%J(Eb+RIR>2+(XbIR)2 - (42)

For Deere 1 with specified base speed of 600 rpm, this voltage is 215.3 V as shown in Table 2,
while for Deere 2 the minimum supply voltage is 252.7 V. A higher voltage can be used but the
“true base speed” is extended beyond n=1. For a given dc supply larger than that in Eq. (42),
the true base speed can be found by solving

V2V,
TdC:Vmax :\/(nthb+ IRR)2+(nthbIR)2 (43)
for nor equivalently solving
2 212 2 2p2 Vdi
(Eg +X213) 5 +(2E, I ,R)ny +| 1ZR* =25 |=0. (44)
V4

If V,, 1s 350 V, then the actual base speed for Deere 1 would be 989 rpm rather than 600 rpm;

while the true base speed for Deere 2 would be 843 rpm. The expression in Eq. (5), which
neglects winding resistance, provides reasonable approximations to the solution to Eq. (44).

Figure 7 shows plots of rms fundamental-frequency motor current versus useful output power for
the Deere 1 motor when driven by CPA and by DMIC. The plots were made for two dc supply
voltages, 215.3 V and 350 V. For the 215.3 V case a single curve represents all speeds of
n=2.16, which corresponds to any rpm greater than 1300 rpm. This speed was obtained by
solving Eq. (39) when the load Pis 60 kW and V__is 96.92 Vrms corresponding to a dc supply

voltage of 215.3 V. For the CPA, the curves are dependent on speed and separate plots are given
for 1300, 1800, 3600, and 6000 rpm and infinite speed. The shape of the curves for the CPA
cases is very similar to the “generic” curves shown in Fig. 6. For the 350 Vdc supply, there is
again a single plot of Irms versus Pout for DMIC which covers all speeds of n = 2.73 or greater,
or equivalently 1636 rpm, which is the solution to Eq. (39) when the load P is the rated power of
60kW and V__ is 157.6 Vrms corresponding to a dc supply of 350 V. For the CPA, separate

Irms versus Pout curves are drawn for 1636, 1800, 3600, and 6000 rpm and infinite speed. Note
that the DMIC driven cases always have a lower rms motor current than the companion CPA
case. Comparison of the 215.3 V and 350 V cases shows that the DMIC takes advantage of the
higher dc supply voltage through lower motor current at all speeds (above 1651 rpm) and at all
load levels.
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Fig. 7. RMS motor current vs. power output during high-speed operation
of the Deere 1 motor with 215.3 V and 350 Vdc supplies.

Figure 8 shows the high-speed current-magnitude control capability of CPA and DMIC for the
Deere 2 design for dc supply voltages of 252.7 V, which is the minimum required, and for
350 V. As noted previously, the Deere 2 motor is low inductance because it falls below the
value of Ly, required for a CPSR of 10; consequently it is and well suited for operation with
CPA. Calculations in Table 2 show that the CPSR of Deere 2 is only 1.96 when driven by CPA
from a 252.7 Vdc supply. The robustness of the DMIC can be seen by comparing Figs. 6 and 7,
which shows that the DMIC is capable of providing excellent current-magnitude control despite
substantial deviation in motor inductance.

Note that the performance of the Deere 1 and Deere 2 designs is almost the same with DMIC
when the 350 Vdc supply is used. The difference lies in the fact that the high-speed current
asymptotic behavior in Fig. 7 is valid for speeds greater than 1636 rpm for the high inductance
Deere 1 while, for the low inductance Deere 2, the high-speed asymptote applies at and above
1047 rpm.

There would be an advantage to having the “high-speed” range begin at the lowest possible rpm.

Once the true base speed is reached, the inverter switching becomes fundamental rate and the
switching losses are decreased relative to the high frequency PWM used below base speed.
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Thus, the switching losses are reduced at lower rpm with the low inductance Deere 2 relative to
the higher inductance Deere 1.
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Fig. 8. RMS motor current vs. power output during high-speed operation
of the Deere 2 motor with 252.7 V and 350 Vdc supplies.

The results in this section highlight the key difference between CPA and DMIC with respect to
motor-current-magnitude control during high-speed operation. At high speed, the rms motor
current for the two different PMSM motor control methods approach

E, E

| _ b _
CPA —
Xb

ol 45
P P 43)

I ==
DMIC 3Vmax \/Evdc

The motor current at high speed with CPA is the characteristic current which depends only on
motor parameters. This has both positive and negative implications. On the positive side, if the
motor inductance is sufficiently large, then the characteristic current is less than the rated current
thereby enabling operation in a wide CPSR. On the negative side, two points can be made.
First, the characteristic current is independent of load meaning that the efficiency can be poor
under light load and variable load conditions at high speed. Second, since the characteristic
current is independent of dc supply voltage, providing a dc supply voltage beyond that necessary
to support rated torque at base speed cannot reduce the motor current at high speed. The motor
current at high speed with DMIC is proportional to load power such that good efficiency can be
maintained under light load and variable load conditions. Also, the high-speed current is
independent of machine inductance. Whether the inductance is large or small, the high-speed
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current will be same. The difference in behavior between a large or small motor inductance will
lie in the firing of the thyristors which will always adjust the total inductance to minimize the
rms amps per developed watt. Finally with the DMIC, the high-speed current is inversely
proportional to supply voltage. Therefore, significant reduction in motor-current magnitude and
attendant reductions in motor and inverter losses can be achieved by providing supply voltage in
excess of that required to support the specified base-speed conditions.

Inverter losses are an important factor in overall drive efficiency. The next section discusses the
calculation of inverter losses.
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4. INVERTER LOSSES
Losses in inverter components include

Blocking losses

Conduction losses

Switching losses (transistors)
Reverse-recovery losses (diodes and thyristors)

Blocking losses are very small relative to the other inverter-loss mechanisms and are neglected in
this work. The remaining loss mechanisms are important and must have a proper accounting.
The method used to model and calculate the various inverter loss types are discussed individually
below.

4.1 CONDUCTION LOSSES

Figure 9 shows “equivalents” of a transistor and bypass diode and thyristor that can be useful in
determining the conduction losses.

—=
ol

It
5 |
_|_
¥ — &
|'_|. &

Fig. 9. Transistor with bypass diode and thyristor equivalents for determining conduction losses.
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The notation used in the figure is as follows:

= transistor resistance

= diode resistance

o

Rq
E, = transistor forward voltage drop
R
E

4 = diode forward voltage drop
R, = thyristor resistance
E —

. = thyristor forward voltage drop

The conduction losses of the transistor, diode, and thyristor are computed as

Pq_c = transistor conduction losses
_ 2
- Iq—avg Eq + Iq—rms Rq
P, . = diode conduction losses
5 (46)
= Id—avg Ed + Id—rmst

P_. = thyristor conduction losses

_ 2
- It—avg Et + It—rmth
where

Iq_avg = average transistor current

l, 1ms = s transistor current
I

d_ayg — average diode current

4_ms = I'ms diode current

tayg = average thyristor current

rms = I'ms thyristor current

The device parameters (B4R B4Ry By R) are generally contained on device-data sheets, or

can be derived from device data. These parameters may be given in ranges of minimum, typical,
and maximum and may be temperature/voltage sensitive. Thermal modeling is not incorporated
in this work and all parameters will be determined at a single device temperature such as 125°C.
Voltage effects will be incorporated whenever possible and generally involve scaling parameters
up or down based on dc supply voltage. The critical values needed to calculate the conduction
losses are the average and rms currents through the transistors, diodes, and thyristors. Since
PWM action is involved during low-speed motor operation, these currents are difficult to
evaluate accurately without using time domain simulation of a detailed inverter model. While
such a detailed simulation model is available, the engineering time to calculate inverter losses
using such an approach would be prohibitive. An alternative approach uses the simplified
fundamental-frequency models applied in Sections 2 and 3 to estimate the device currents
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needed to calculate conduction losses. These losses are then combined with switching and
reverse-recovery loss calculations, which will be described subsequently.

Approximate values of the device average and rms currents can be obtained using the per-phase
fundamental-frequency model shown in Fig. 10. The model applies for both CPA and DMIC,

but X, is zero for all operating conditions when using CPA.

JX rpy JnX,
o (TP R
+ -
@ VS nk, 20 @ 5

ot

Fig. 10. Per-phase model used to calculate average and rms device currents.

The model of Fig. 10 explicitly represents motor copper and rotational losses since

Pcu=3|2R
2. 47
Rot:3(n:b) @

In this study, the winding resistance is fixed for the Deere 1 and Deere 2 designs. No correction
is attempted for temperature or skin effect. Similarly, the speed sensitive losses are fixed
functions of speed, as shown in Table 1, and are not corrected for operating conditions such as
current level or temperature. Inverter losses are not explicitly represented in the model of
Fig. 10. The average and rms device currents required to compute conduction losses will be
determined based on the rms motor current, |, and on the phase relationship between motor-

current phasor, | , and the inverter voltage and back-emf phasors, V and E, respectively.

If the current and back-emf phasors are known, then combined with knowledge of the machine
impedance at the given speed

V=E+I(R+jX) . (48)

Let the motor back-emf be the phasor reference and let
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m, = amplitude modulation index

_ 22
V. . (49)

o = inverter lead angle

6= angle of motor current phasor

Due to the fact that the voltage-phasor magnitude, V , is limited by the dc supply voltage, the
amplitude-modulation index lies in the range

(50)

o
IA
3
IA

SHES

where 4/x is the first term in the fundamental Fourier expansion of a square wave.

Approximate values of the average and rms device currents for a CPA drive can be calculated as

) (1)

Id—rms = \/EI \/l_ ma COS(5_9)
8 RY/4

while the approximate values for a DMIC drive can be calculated from
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\Y \Y,
Forn<n  -=—m max

E, coso B
° E, cos [sin1 (F’PD

m o-0
|q—avg _\/El (L+ aCOS( )j
27 8
m o-0
|d avg _\/El L— aCOS( )]
2 8
N2l
It—avg _7
1 m,cos(5-6)
| =2, |-+
g-rms \/_ \/8 37[
m o—-0
|drms=\/§|\/l_L)
8 RY/4
|
It—rms :_2
Forn>n_.

V2l
T

0

t-avg e ) (52)

|

2

0
I

NG

These equations are adapted from the work described in Ref. [6]. The formulas apply for speed
conditions above and below base speed. Above base speed the motor terminal voltage, V , is at
the maximum value and the amplitude-modulation index is at its upper limit, (4/7). The
expressions rely on the motor and inverter-component currents being dominated by their
fundamental-frequency components which means that the effects of harmonic currents
introduced by PWM and/or by six-step switching are neglected.
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To assess the accuracy of the above formulas two load conditions, one below and one above base
speed are investigated using a detailed time domain switching model to calculate average and
rms device currents, which are then compared with the approximate values given above. The
Deere 1 design is used since it can be driven by either CPA or DMIC.

The first operating condition is one half of base speed, (n=0.5) or 300 rpm, and 60% of rated
torque (578 Nm). The dc supply voltage is assumed to be 340 V. Rotational losses are
neglected. In this case, the rms motor current is 60% of its rated value

| =0.61, =188.6A. (53)

The motor current is in phase with the back-emf in order to maximize the torque per amp so that
0 =0. The applied fundamental-frequency phase voltage necessary to support this condition
given by Eq. (49) is

V|8 =nE, +1|0(R+ jnX,)=40.3172/30.7518° . (54)
This result applies for both CPA and DMIC since the thyristors, which are fired so that X, =0,
do not participate in the PWM control at low speed. Thus,
m 242403172 _ 1oy
340
0 =30.7518° . (55)
6=0°
Applying the device current formulas, Egs. (52) and (53)
Iy ag =520 A
Iy ag =32.8A
Iy ms =105.2 A
. (56)
lyms =81.9 A
I ag =849 A
I =1334 A

t—rms

A detailed PSPICE time-domain simulator, which represents inverter components as ideal
switches but includes PWM switching operations, was used to calculate the same values of
current. Instantaneous and rms motor current and instantaneous, average, and rms values of
transistor, bypass diode, and thyristor currents are shown in Fig. 11 for a PWM carrier frequency
of 5940 Hz (frequency modulation index of 99). Figure 12 is the detailed simulation results for a
carrier frequency of 900 Hz (frequency modulation index of 15). The simulated quantities and
theoretical values are compared in Table 3.
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PMSM Simulator with Sinusecidal PWM Control
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(b) Transistor, bypass diode, and thyristor currents.
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Fig. 11. Time-domain simulation at 300 rpm, 60% rated torque with 340 Vdc supply,

and a carrier frequency of 5940 Hz.
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PMSM Simulator with Sinusoidal PWM Control
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(b) Transistor, bypass diode, and thyristor currents.

Fig. 12. Time-domain simulation at 300 rpm, 60% rated torque with 340 Vdc supply, and
a carrier frequency of 900 Hz.
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Table 3. Comparison of theoretical and simulated motor and inverter-current magnitudes
at 300 rpm, 60% rated torque, and dc supply of 340 V

Theoretical fc =5940 Hz fc =900 Hz
Parameter
|:>Out 18 kW 17.7 kW 18.3 kW
| 188.6 A 185.6 A 1922 A
(rms motor current)
| 52.0 A 51.2 A 529 A
g-avg
| 1052 A 1035 A 106.9
g-rms
| 328 A 323A 335A
d-avg
| 81.9 A 80.7 A 83.7A
d-rms
|t_avg 84.9 A 834 A 86.2 A
|t7rmS 1334 A 131.1 A 1355 A

The results in Table 3 show that the simplified fundamental-frequency model predicts average
and rms inverter-component currents with accuracy within 2% of simulated values for this low-
speed operating point. The table also shows that switching frequency affects the device-current
magnitudes computed with the detailed time-domain simulator. The time-domain simulator
involves numerical simulation and small differences resulting from computational precision are
to be expected. The results indicate that the fundamental-frequency model predicts average and
rms inverter-component currents with sufficient accuracy to have confidence in the results
obtained with this simplified model.

As a final test of the simplified model, the Deere 1 design was examined at a high-speed
operating condition; 4200 rpm (n = 7) and 70% of rated power (42 kW). Since the CPA and
DMIC differ in their performance for this operating condition, both drive options were
considered.

Figure 13 shows the simplified per-phase fundamental-frequency model solved for this operating
condition for the CPA drive method including rotational losses. In constructing the phasor
solutions, the analyses in Sections 2 and 3 were suitably modified to include the effects of copper
and rotational losses.

anb
1=20193,7982° R

11,5306 Q2
0150 + R

@ rot

7 =153.1£22.10°  E =445.5.20° 104,802

Fig. 13. Per-phase fundamental-frequency model of the Deere 1 design driven by driven by CPA
at 4200 rpm and 42 kW useful output power with rotational losses included.
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From Fig. 13 we find that

4
m, =—

T
1 =201.93 A (57)
0=22.10°
0=79.82°

This load condition was simulated using the detailed time domain CPA simulator. Simulation
results showing phase currents, developed power, and average and rms transistor and bypass-
diode currents are given in Fig. 14. The device-current magnitudes computed with the
fundamental-frequency model formulas are compared below with the values from the simulation

I =201.93 A (model), 201.9 A (simulation)
| =69.7 A (model), 69.6 A (simulation)

q-avg

| =126.8 A (model), 129.2 A (simulation) . (58)

q-rms
l4_ay =21.2 A (model), 21.4 A (simulation)
ly_rms = 65.7 A (model), 60.2 A (simulation)

The agreement between the simplified model and the detailed simulation is not quite as good at
high speed as what was observed below speed. Perhaps the difference lies in the low-frequency
harmonics introduced at high speed by six-step switching. However, transistor average and rms
currents between the simplified model and the simulation are within 2%. While the difference in
rms diode current is more than 8%, the average diode currents are within 2% of each other.
Diode-conduction losses are generally a factor of two smaller than transistor-conduction losses,
and except at very high diode currents the conduction losses of the diodes will be weighted more
heavily towards the contribution of the forward voltage drop and average current than by the
diode resistance and rms current. Based on this assessment, the simplified model is still
considered sufficiently accurate to be used to predict the losses of the CPA driven Deere 1 and
Deere 2 designs.

The same high-speed operating condition was examined using the DMIC. Figure 15 is a solved
per-phase fundamental-frequency model of the condition using the DMIC.
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(b) Transistor, bypass diode, and thyristor currents.

Fig. 14. Time-domain simulation results of the CPA simulator driving the Deere 1 design
at 4200 rpm and 42 kW output with rotational losses included.
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Fig. 15. Per-phase fundamental-frequency model of the Deere 1 design driven by DMIC at 4200 rpm and
42 kW useful output power with rotational losses included.

From Fig. 15 we find that

| =104.9 A

5=70.12° . (59)
6=70.12°

n_. =2.53 (1520 rpm)

This load condition was simulated using the detailed time domain DMIC simulator. Simulation
results showing phase currents, developed power, and average and rms transistor and bypass-
diode currents are given in Fig. 16. The device-current magnitudes computed with the
fundamental-frequency model formulas are compared below with the values from the simulation

| =104.9 A (model), 112.9 A (simulation)
Iy g =47.2 A (model), 47.4 A (simulation)
Iy ms =74.2 A (model), 79.6 A (simulation)
I =0. A (model), 0. A (simulation) . (60)
I =0. A (model), 0. A (simulation)
| =47.2 A (model), 47.4 A (simulation)

I =74.2 A (model), 79.6 A (simulation)

d-avg
d-rms
t-avg

t—rms

The fundamental-frequency model predicts the average transistor, diode, and thyristor currents
with less than 1% error; however, there is approximately 7% difference between the simplified
model and the simulator with respect to the rms transistor and thyristor currents. This is due to
the low frequency harmonics introduced by the six-step switching and by the action of the DMIC
inverter at high speed. While this will result in some error in the estimation of the i’R losses in
the transistors and thyristors, the loss of accuracy will be less than 10% of total semiconductor
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losses assuming that the forward-drop losses and body-resistance losses are about the

magnitude.
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Fig. 16. Time-domain simulation results of the DMIC simulator driving the Deere 1 design
at 4200 rpm and 42 kW output with rotational losses included.
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For the 4200 rpm/42 kW operating condition with Deere 1 driven by CPA, the total motor losses
are 7514 W. These losses are composed of 5680 W of rotational losses and 1834 W of copper
losses. For comparison, the total losses are 6254 W when driven by DMIC; which is the 5680 W
of rotational losses and 574 W of copper losses. The total motor losses with DMIC are reduced
by 1260 W because the rms motor current is only 112.9 A with DMIC as opposed to 201.9 A for
the CPA drive. Note also in comparing Figs. 14 and 15 that the torque ripple at high speed is far
greater with DMIC than with CPA. The DMIC will operate with essentially the same torque
ripple as CPA up to the relative speed, n_. , and greater torque ripple at higher speeds. For the

Deere 1 design with a 340 Vdc supply, the value of n_. varies from 2.4 at no load to 2.7 at full

n

load. Thus, the DMIC can operate at the low ripple of CPA up to at least 1440 rpm. At higher
speeds, the inertia of the vehicle will attenuate the effects of the torque ripple. This point may be
worthy of further study.

The next section considers the calculation of switching losses.
4.2 SWITCHING LOSSES

Figure 17 shows a simplified representation of the dynamics of switch turn-on and turn-off. In
the figure, V, and V  are the off-state and on-state voltages respectively, while |, and |  are
the off-state and on-state currents. The off-state voltage depends on the dc supply voltage and
the on-state current will be dependent on the impedance of the load. The turn-on and turn-off
times are denoted as 7, and 7, . The off-state current and on-state voltages have minimal

impact on the total energy absorbed by the switch during turn-on and turn-off. Neglecting |
and V.

on >

the energy absorbed during one turn-on and one turn-off operation, as depicted in the
idealization of Fig. 17, is given by

sw on off
Vol
Eop == Ty - (61)
6
Vo Ion
Eoff = ﬁ6 off

Fig. 17. Simplified description of switching dynamics during turn-on and turn-off.
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If there is one turn-on and one turn-off operation each time period, T, then the average
switching losses over one period is given by

1
P, :?(E

+ Eoff )

on

— £ (E, +Ey). (62)

The voltage and current dynamics of semiconductors undergoing switching can be much more
complicated than the idealization shown in Fig. 17. Generally, device-data sheets will display
switching losses versus on-state current for a fixed voltage and one or more device temperatures,
such as 25°C and 125°C. Such characteristics can easily be corrected for actual voltage
conditions since the switching energy is generally linear in voltage. In this study and evaluation,
temperature effects will be incorporated by choosing the characteristics associated at maximum
device temperature.

The switching losses described above apply to transistors. The main switching losses of diodes
and thyristors are associated with reverse recovery which is described in the next section.

4.3 REVERSE-RECOVERY LOSSES

The reverse-recovery phenomenon is associated with a conducting diode or thyristor undergoing
transition from the forward current-conducting state to the reverse-voltage blocking state. The
process is dependent on forward current, reverse voltage, and temperature. Idealized voltage and
current waveforms are shown in Fig. 18. In the figure, |, is the initial forward current, |, is the
peak reverse-recovery current, V, is the final reverse voltage, t, is the time between the current
zero crossing and the instant that the peak-reverse current is reached, t, is the time for the reverse
current to decay to 10% of the peak-reverse current, and t,, is the reverse-recovery time which is
the sum of t, and t,. For most devices the reverse-recovery time is dominated by the time, t, .
Since the device voltage is approximately zero during the interval denoted as t,, the energy

absorbed during reverse recovery is given by

B =Vi 2ty Va1, =05V, (63)

where Q,, is the peak-recovery charge.
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Fig. 18. Reverse-recovery current and voltage.

If there is one reverse recovery during each time period, T , then the average power loss during
recovery is

P=—E =fE,. (64)

A device-data sheet may specify the information needed to determine E_ in various ways. One

r

common method for bypass diodes, is to provide plots of reverse-recovery time, t_, and reverse-

o
recovery current, |, versus the forward current through the companion transistor. In the case of
CPA and DMIC, the forward current through the companion transistor can be represented as the
“average-transistor current” as determined in Section 4.1. For thyristors, the reverse-recovery

charge, Q. , may be plotted versus the time rate of change of thyristor current at turn-off for

>

o
various values of forward current. In the DMIC application, the commutation of thyristors is
natural and occurs at the zero crossings of the thyristor current. Thus, it is appropriate to choose
the Q,, curve corresponding to the smallest forward current for which data is given. The time

rate of change of current can be approximated using the fundamental-current component. Let the
instantaneous-fundamental current be written as

i,(t) = V21 sin(nayt +6). (65)

Then the rate of change of this current at its zero crossing is

%—)M}bﬁl . (66)
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In addition, the voltage blocked by a commutating thyristor at the commutation instant is not
necessarily the dc supply voltage, as it is for the bypass diodes, but rather the instantaneous
phase-to-neutral back-emf. Given the fundamental current as above which is zero at the
commutation instant so that net = —6 and the instantaneous phase-to-neutral back-emf

e(t) = nV2E, sin (na,t), (67)
the magnitude of the commutating voltage at the commutation instant is
V, =n2E, sin(6). (68)

Thus, the rate of change of thyristor current during reverse recovery and reverse voltage both
increase linearly with speed; therefore, the reverse-recovery losses of the thyristor will increase
more than linearly with speed.

4.4 INVERTER SEMICONDUCTOR SELECTIONS FOR THE DEERE 1 AND
DEERE 2 DESIGNS AND LOSS-MODEL PARAMETERS

The evaluation of the Deere 1 and Deere 2 designs will include driving Deere 1 by both CPA and
DMIC. The low inductance Deere 2 will be evaluated only for DMIC. Suitable insulated gate
bipolar transistor (IGBT) and thyristor (SCR) modules must therefore be selected for both Deere
designs. Data sheets for all the selected components are given in Appendix A.

The two motor designs differ in the requirements that they place on the semiconductors required
in their inverters; however, the dc supply for both motors is likely to be in the 350 V range and
therefore the IGBTs in the VSI will be selected for a 600 V operation. The PWM frequency is
likely to be 10 kHz.

The Deere 1 design has a rated current of 314.3 Arms, which corresponds to a 444 A peak.
Therefore, a 600 A transistor/diode module is required. The POWEREX™ PM600DVAO060 is
chosen for Deere 1. Since the Deere 1 design will be investigated with both CPA and DMIC, a
suitable thyristor module must also be chosen. The thyristor must be capable of blocking the
peak line-to-neutral back-emf at 6000 rpm. For Deere 1, the required blocking-voltage level is
900 V. The thyristor must have an rms current rating consistent with the rms motor-current

rating divided by V2. For Deere 1, this value is 222.2 Arms. The EUPEC™ TT162N has a
1400 V and 260 Arms rating and was selected for the DMIC inverter to drive Deere 1.

The Deere 2 design has rated a current of 212.8 Arms or 301 A peak. A 300 A IGBT module is
chosen for Deere 2 which has a peak collector capability of 600 A. The selected module is a
POWEREX PM300DSA060. The peak blocking-voltage requirement on the thyristors for the
Deere 2 DMIC inverter is 1329 V and the rms current-rating requirement is 150.5 A. A EUPEC
TT121N module is chosen which has 1400 V blocking capability and a 160 Arms current rating.

Based on the device-data sheets given in Appendix A, the loss-model parameters are given in
Table 4 for the Deere 1 inverter and in Table 5 for the Deere 2 inverter. Since the VSI
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components in the CPA and DMIC drives for Deere 1 are the same, the parameters in Table 4
cover both inverter types. The parameters in the tables are for “typical parameters” at maximum
junction temperatures.

Table 4. Typical semiconductor parameters for the Deere 1 drive

IGBT Conduction Losses from Appendix A.1.

E,=1V,R, =0.00225 Q
E, =0.6 V, R, =0.00444 Q

Switching Losses

log(E,,)=1.0837log(1,_,, ) +1.6778

q-avg

{14_a in A, E,, in joules/pulse, test voltage = 300 V|

Bypass Diode Reverse Recovery

log(1,,)=0.266610g (1., )+1.6876

q-avg
{Iq_avg and |, in A, test voltage = 300 V}
log (t,, ) =—0.032810g(1,_,,, ) +2.3116

{I cag 1N A, L, innsec, test voltage = 300 V}

Thyristor Conduction Losses from Appendix A.2

E,, =0.935 V, R,, =0.00095 Q

Thyristor Reverse Recovery

log(Q,)=0.2320log (%) +1.0703

{di/dt in amp/sec, Q,, in xcoulombs}
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Table 5. Typical semiconductor parameters for the Deere 2 drive

IGBT Conduction Losses from Appendix A.3.

E,=1V,R, =0.004 Q
E, =0.6 V,R, =0.0072 Q

Switching Losses

log(E,, ) =1.0281log(1,_,, ) +1.9438

{I cag 1A, Eg, in gjoules/pulse, test voltage = 300 V}

Bypass Diode Reverse Recovery

log(1,,)=0.3604log (1, ,, )+1.3127
{Iq_a\,g and |, in A, test voltage = 300 V}
log(t, ) =—0.1047log(1,_,,, ) +2.3008
{1qag N At

> trr

in nsec, test voltage = 300 V}

Thyristor Conduction Losses from Appendix A 4.

E,, =0.95 V, Ry, =0.002 Q

thy

Thyristor Reverse Recovery

log(Q,, )=.2320 Iog(%) +1.0703
{di/dtinamp/sec,Q, in pcoulombs}

Laboratory test data was available on the Deere 1 design driven by CPA. Data from the testing
is given in Appendix B. In the next section, the test data is compared to model outputs in order
to test the validity of the model and make adjustments in the model parameters if necessary.
Note that the inverter-loss models contained in Tables 4 and 5 involve 15 parameters. Without
extensive instrumentation and appropriate test measurements, it may not be practical to “tune”
the model to exactly match the test data over an extended range of operating conditions. The
model developed here does, however, provide the means to compare the performance of CPA
and DMIC using the same motor and inverter-component models.
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4.5 MODEL VALIDATION USING EXPERIMENTAL DATA FOR THE CPA DRIVEN
DEERE 1 DESIGN

The loss-model performance for the Deere 1 design driven by CPA was compared with
experimental data taken at the base speed of 600 rpm and at 5 load conditions, 20—100% torque
in 20% steps. It was found that a dc supply voltage of 340 V and the “typical” semiconductor
loss parameters of Table 4 consistently under-represented the losses observed experimentally.
The loss parameters were doubled to bring the model more in line with experimental data. This
makes the semiconductor model more consistent with “maximum” characteristics rather than
“typical” characteristics. The revised semiconductor parameters are given in Table 6. A dc
supply voltage of 360 V was found to give reasonable agreement between experimentally
observed rms motor current and the motor current from the model

Table 6. Maximum semiconductor parameters for the Deere 1 drive

IGBT Conduction Losses

E, =2 V,R, =0.0045 Q
E, =12V, R, =0.00888 O

Switching Losses

log(E,,)=1.0837log (1, ., )+1.9788

g-avg )

{I oag 1N A, Eg, In gjoules/pulse, test voltage = 300 V}

Bypass Diode Reverse Recovery

log(1,,)=0.266610g(1,_,,, )+1.9886
{I oavg and |, in A, test voltage =300 V}
log(t, ) =-0.0328log(1,_,,, ) +2.6126

>rrr

{I oag 1A, T, innsec, test voltage = 300 V}

Thyristor Conduction Losses

Eyy =0.935 V, R,, =0.00095

Thyristor Reverse Recovery

log(Q, )=0.2320log (%] +1.0703

{di/dt in amp/sec, Q,, in pcoulombs}
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The performance of the adjusted model in predicting inverter and total drive losses is compared
with experimental data at 600 rpm in Fig. 19. The agreement between the model and
experimental data, although not perfect, does suggest that the model provides a reasonable
common platform on which to compare the performance of CPA and DMIC. It is preferable that
inaccuracy in the model result in overstating the losses. Observe that the model is conservative
in the sense that the losses predicted by the model are larger than what was measure.

DEERE 1: MODELED LOSZES vs EXPERIMENTAL DATA at 600 RPM
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Fig. 19. Comparison of modeled and measured losses for Deere 1 when driven by CPA at 600 rpm.

The performance of CPA and DMIC in driving the Deere 1 and Deere 2 designs are investigated
in the next section using the model.
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5. MODELED PERFORMANCE OF CPA AND DMIC DRIVING
THE DEERE 1 AND DEERE 2 DESIGNS

The high-inductance Deere 1 can be driven by either CPA or DMIC. In Section 5.1, the model
developed in Section 4 is used to predict the torque-speed and loss/efficiency performance of
Deere 1 driven by CPA. Deere 1 driven by DMIC is considered in Section 5.2. The modeled
loss/efficiency performance of the CPA and DMIC drives for Deere 1 are compared in
Section 5.3. The low inductance Deere 2 driven by DMIC is discussed in Section 5.4. The
DMIC drives for Deere 1 and Deere 2 are compared in Section 5.5. The modeled loss efficiency
performance of Deere 1 driven by CPA and Deere 2 driven by DMIC are compared in
Section 5.6. Finally, in Section 5.7 the modeled loss/efficiency performance of a CPA driven
Deere 1 motor is compared with the enhanced performance of Deere 1 driven by a DMIC
modified to eliminate SCR losses below base speed and transistor losses above base speed.

5.1 DEERE 1 DRIVEN BY CPA

The predicted performance of the high-inductance Deere 1 design driven by CPA is considered
in this section. In the first subsection, the results of the model are given including the effects of
the rotational losses as in Table 1. In the second subsection, the model results are presented with
the rotational losses neglected. The semiconductor parameters used are the “maximum” values
shown in Table 6.

5.1.1 Deere 1 Driven by CPA with Rotational Losses

The performance of the Deere 1 design driven by CPA at maximum required torque over the full
speed range including the rotational loss effects is shown in Fig. 20.

Inspection of Fig. 20(a) shows that the CPA driven Deere 1 meets the torque-speed, power-speed
envelope required by the Deere application. When producing rated power at high speed, the
motor current is well below the rated current of 314.3 Arms that is required to produce rated
torque at and below the base speed. For a CPA drive, the high-speed current approaches the
characteristic current which for a high-inductance motor such as Deere 1 is less than the rated
current.

Figure 20(b) shows that the switching frequency remains 10 kHz out to 1000 rpm where the
amplitude-modulation index reaches a value of unity. Between 1000 rpm and 1300 rpm, the
switching becomes a mixture of PWM and six-step and the switching frequency decreases from
the 10 kHz rate to the fundamental rate determined by motor-pole count and speed. Note that the
IGBT losses are a combination of conduction, switching, and bypass diode reverse-recovery
losses. The dominant mechanism is the conduction loss. The switching and reverse-recovery
losses become insignificant once the switching degenerates to six-step operation at and above
1300 rpm.

Figure 20(c) shows that the rotational losses at high speed dominate the motor and total losses of

the drive. The overall drive efficiency at rated power and 6000 rpm is 80%. The total losses at
this condition are about 15 kW and over two-thirds of these losses are rotational losses.
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DEERE 1 DRIVEN BY CPA
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Fig. 20. Performance of Deere 1 driven at maximum torque driven by CPA from 0—6000 rpm
with rotational losses.
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Fig. 20. Performance of Deere 1 driven at maximum torque driven by CPA from 0-6000 rpm with
rotational losses (cont’d).

The model was also used to explore the impact of partial load conditions on loss performance.
Specifically, the model was used to calculate total motor, inverter, and drive losses for speeds
from 25-6000 rpm in steps of 25 rpm, and loads from zero to full load in 100 steps at each speed.
The results are graphically displayed in the 3D plots of Fig. 21.

A red color in Fig. 21 represents “hot” or regions of high losses. Blue denotes “cold” or a region
of low losses. The transition red-yellow-green-blue is a transition from very high to very low
losses. Motor losses at low speed are dominated by the copper losses while rotational losses
dominate at high speed. Inverter losses are large at low speed and high torque due to the large
motor-current requirement and significantly lower during high-speed operation consistent with
lower motor current at high speed. At base speed and full torque, the inverter losses are
approximately 5 kW. Note that the total losses at low speed and full load are about equally
divided between motor and inverter losses. At high speed, the total drive losses are clearly
dominated by the rotational losses of the motor. This study is repeated in Section 5.1.2 below
with rotational losses neglected.
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DEERE 1 DRIVEM BY CPA; INCLUDING ROTATIONAL LOZSES
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Fig. 21. Motor, inverter, and total losses of Deere 1 driven by CPA vs. torque and speed with
rotational losses included.

The information in Fig. 21 is displayed in a different format in Fig. 22. In Fig. 22, efficiency
contours are displayed on the torque-speed envelope required in the Deere application. Each
colored area in the figure represents operating points that are within an efficiency band of 1%.
For example, considering the motor-efficiency contours in Fig. 22, the blue colored region noted
by the arrow is the operating region where the highest motor efficiency occurs. The value of that
efficiency identified with a label. Only seven colors are displayed in the figure: blue, green, red,
aqua, magenta, yellow, and black. Each color area is separated by a 1% efficiency range; e.g.,
the green area surrounding the 96-97% blue region has an efficiency range of 95-96%. A total
of 21 areas are displayed, with the 7 basic colors being used 3 times each, but each successive
area has a reduction in efficiency of 1%.
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Fig. 22. Motor, inverter, and total drive-efficiency contours overlayed on the torque-speed envelope of the
Deere application for Deere 1 driven by CPA with the effects of rotational losses.

The next subsection considers Deere 1 driven by CPA but with rotational losses neglected.
5.1.2 Comparison of Deere 1 Driven by CPA With and Without Rotational Losses

The simulations in the previous section were repeated with rotational losses neglected. Figure 23
compares the motor, inverter, and total losses of the CPA driven Deere 1 with and without the
rotational losses. Figure 24 shows the motor, inverter, and total efficiency contours of Deere 1
driven by CPA with and without rotational losses.

Figure 23 clearly shows the impact of reducing, in this case eliminating, the rotational losses on
loss performance. The high-speed motor and overall drive losses decrease by 10.5 kW at
6000 rpm. The inverter losses are virtually unchanged.

Figure 24 shows that the elimination of the rotational losses has little impact on the CPA inverter
efficiency. However, the maximum motor and drive efficiency increase 2.3% and the regions of
the torque-speed plane where the motor and drive efficiency are large are expanded. Despite the
elimination of the high-speed rotational losses, the CPA drive still doesn’t display high
efficiency at high speed, especially for less than full load conditions.

The predicted performance of the DMIC driven Deere 1 drive is considered in the next section.
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5.2 DEERE 1 DRIVEN BY DMIC

The predicted performance of the high-inductance Deere 1 design driven by DMIC is considered
in this section. In the first subsection, the results of the model are given including the effects of
the rotational losses as in Table 1. In the second subsection, the model results are presented with
the rotational losses neglected.

5.2.1 Deere 1 Driven by DMIC with Rotational Losses

The performance of the Deere 1 design driven by DMIC at maximum required torque over the
full speed range, including the rotational loss effects, is shown in Fig. 25.

DEERE 1 DRIVEN BY DMIC
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(a) Current, voltage, lead angle, power, and torque vs. rpm.

Fig. 25. Performance of Deere 1 driven at maximum torque by DMIC from 0—6000 rpm,
with rotational losses.
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Fig. 25. Performance of Deere 1 driven at maximum torque by DMIC from 0-6000 rpm,
with rotational losses (cont’d).
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The plots in Fig. 25(a) show that the DMIC driven Deere 1 meets the torque-speed, power-speed
envelope required by the Deere application. The rms current drops from the rated value of
314.3 Arms required to produce rated torque at and below base speed to approximately 140 A at
1600 rpm. Beyond 1600 rpm, this value rises slightly in order to compensate for rotational
losses.

The IGBT losses in Fig. 25(b) are virtually identical to those observed with CPA in Fig. 20(b).
The SCR losses clearly show that the thyristor reverse-recovery losses increase with speed due to
increased back-emf voltage to be blocked and increased di/dt. The reverse-recovery losses
grow at a rate that is more than linear with speed.

Figure 25(c) is about the same as for the CPA case shown in Fig. 20(c). Both cases show the
dominance of the rotational losses of the Deere 1 design on the motor and total drive losses and
efficiency.

The model was also used to explore the impact of partial-to-full load conditions on loss
performance. The model was used to calculate total motor, inverter, and drive losses for speeds
from 25-6000 rpm in steps of 25 rpm and 600 load steps from zero to full load. The results are
graphically displayed in the 3D plots of Fig. 26.
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Fig. 26. Motor, inverter, and total losses of Deere 1 driven by DMIC
vs. torque and speed with rotational losses.

The low-speed motor losses with DMIC depicted in Fig. 26 are about the same as those shown

for CPA in Fig. 21. However, the high-speed motor losses are lower with DMIC due to the
reduced current and lower copper losses. The low speed/full load inverter losses with DMIC in

53



Fig. 26 are about 1 kW higher than with CPA in Fig. 21. This is due to the additional conduction
losses associated with the SCRs. At high speed, the DMIC has significantly lower inverter
losses at full load and especially at reduced load. Note that the total drive losses with DMIC at
6000 rpm are 1-4 kW lower with DMIC than with CPA.

Efficiency contour plots corresponding to the data in Fig. 26 are displayed in Fig. 27.

MOTOR EFFICIENCY CONTOURS
T T T T

5 9679?%

TORQUE [Nm]

3000 4000

INVERTER EFFICIEMCY COMTOURS
1000 T T T T T

RGO

TORQUE [Nm]

3000 00

TOTAL EFFICIENCY CONTOURS
1000 ! ! ‘ ! !

94-95%

TORQUE [Nm]

RPM

Fig. 27. Motor, inverter, and total drive-efficiency contours overlayed on the torque-speed envelope of the
Deere application for Deere 1 driven by DMIC with the effects of rotational losses.

The rotational losses of the Deere 1 design are so large that they make performance differences
between DMIC and CPA difficult to see in the comparison of Fig. 27 for DMIC and the
corresponding Fig. 22 for the CPA drive. The differences between the CPA and DMIC drives
for Deere 1 are made clearer in Section 5.3 where rotational losses are neglected and the
loss/efficiency curves of the CPA and DMIC drives for Deere 1 are placed side-by-side.

5.2.2 Deere 1 Driven by DMIC Neglecting Rotational Losses
The simulations in the previous section were repeated with rotational losses neglected. Figure 28
compares the motor, inverter, and total losses of the DMIC driven Deere 1 with and without the

rotational losses. Figure 29 shows the motor, inverter, and total efficiency contours of Deere 1
driven by DMIC with and without rotational losses.
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Fig. 28 Comparison of the motor, inverter, and total losses of Deere 1 driven by DMIC
with and without rotational losses.
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Figure 28 shows the substantial improvement in high-speed motor and overall drive losses with
the elimination of the rotational losses. There is a slight, but discernible, decrease in the high-
speed inverter losses when rotational losses are eliminated.

Figure 29 shows the improvement in motor and overall efficiency when rotational losses are
eliminated. Overall efficiency is 96% or better for virtually all operating conditions beyond
1300 rpm. For the CPA drive depicted in Fig. 24, the rpm range for 96% or better after the
elimination of rotational losses is approximately 1300—2700 rpm and doesn’t include light-load
conditions at the upper end of the speed range.

The modeled performance of the Deere 1 design driven by CPA and DMIC are compared in the
next section.

5.3 COMPARISON OF THE MODELED PERFORMANCE OF DEERE 1
DRIVEN BY CPA AND DMIC

The modeled performances of the Deere 1 design driven by CPA and DMIC have been
considered separately above. In this section, the loss and efficiency performance of the two
control methods are compared side-by-side. Rotational losses are neglected in order to sharpen
the distinction between the two methods. Figure 30 compares the total motor, inverter, and drive
losses while the motor, inverter, and overall drive efficiency are compared in Fig. 31.
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Fig. 30. Comparison of the motor, inverter, and total losses of Deere 1 driven by CPA and
DMIC with rotational losses neglected.
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Fig. 31. Comparison of motor, inverter, and total drive-efficiency contours of Deere 1 driven by CPA
and DMIC with rotational losses neglected.

Note in Fig. 30 that the motor losses at low speed are essentially the same but beyond 2000 rpm
the motor losses are significantly lower with DMIC. The inverter losses at low speed and full
load are about 1 kW higher with DMIC due to the addition of the SCRs. At high speed, the
inverter losses are lower with DMIC particularly at less than full load. Total losses of the CPA
drive are lower than DMIC at and below base speed, again due to the SCRs in the DMIC
inverter. At speeds above 2000 rpm, the total losses are lower with DMIC.

Figure 31 shows that the rpm range of highest motor efficiency is much larger with the DMIC
and extends from low speed/medium load to any load condition at high speed. For the CPA, the
highest efficiency range extends from low speed/medium load to high-load conditions up to
3000 rpm. The two methods have similar overall efficiency characteristics up to about
2000 rpm. Beyond this range, the DMIC efficiency is higher.

The predicted performance of the DMIC driven Deere 2 drive is considered in the next section.
5.4 DEERE 2 DRIVEN BY DMIC
The Deere 2 design is compared based on the “typical” semiconductor parameters of Table 5 and

“maximum” parameters that are displayed in Table 7. The maximum parameters were
determined by doubling all loss effects in the VSI components. Since the focus here is on

57



inverter effects, the rotational losses for both inverter cases are the design values given in
Table 1.

Table 7. Maximum semiconductor parameters for the Deere 2 drive

IGBT Conduction Losses

E, =2 V,R, =0.008 O
E,=12V,R,=0.0144 Q

Switching Losses

log(E,, ) =1.0281l0g(I,_,,, ) +2.2448

{I oag 1A, Eg, In gjoules/pulse, test voltage = 300 V}

Bypass Diode Reverse Recovery

log(1,)=0.3604log (1, )+1.6137

q-avg
{I oavg and |, in A, test voltage =300 V}
log(t, ) =—-0.1047log(1,_,, )+2.6018

{I ¢ag 1A, T, innsec, test voltage = 300 V}

>rr

Thyristor Conduction Losses

Eyy =0.95 V, Ry, =0.002 O

Thyristor Reverse Recovery

log(Q, )=0.2320log (%] +1.0703

{di/dt in amp/sec, Q,, in pcoulombs}

Figure 32 compares the total motor, inverter, and drive losses over the speed/load range required
in the Deere application for the two sets of inverter parameters. Similarly, Fig. 33 compares the
motor, inverter, and overall drive-efficiency contours.
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Fig. 32. Comparison of the motor, inverter, and total losses of Deere 2 driven by DMIC with
“typical” and “maximum” VSI loss parameters.
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Fig. 33. Comparison of motor, inverter, and total drive-efficiency contours of Deere 2 driven by
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The motor losses in Fig. 33 are essentially identical for the typical and maximum inverter-loss-
parameter cases. The doubling of the inverter losses is obvious at low speed, but at high speed
the losses are higher for the maximum case but the increase is far less than a factor of 2. Overall
losses are higher at both low speed and high speed when the inverter losses assume the
maximum values. Obviously, any drive can benefit from semiconductors lying in the typical
rather than the maximum range. But the example does bring out the need for appropriate
specifications.

The motor-efficiency contours in Fig. 33 are virtually the same between the typical and
maximum VSI loss-parameter cases. Increasing the losses degrades the inverter and overall
efficiency by about 1% at most operating conditions.

5.5 COMPARISON OF THE DMIC DRIVEN DEERE 1 AND DEERE 2

The loss/efficiency performance of the DMIC drives for Deere 1 and Deere 2 are compared in
this section. Semiconductor parameters are the “maximum” values of Tables 6 and 7 and for
each motor the rotational losses are the values given in Table 1. The motor, inverter, and total
losses are compared in Fig. 34 while the corresponding comparison of efficiency contours is
given in Fig. 35.
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Fig. 34. Comparison of the motor, inverter, and total losses of Deere 1 and Deere 2 driven by
DMIC with “maximum” VSI loss parameters and with rotational losses.
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Fig. 35. Comparison of motor, inverter, and total drive-efficiency contours of Deere 1 and Deere 2 driven
by DMIC with “maximum” VSI loss parameters and with rotational losses.

The motor losses of the two designs are very similar at low speed despite the lower rated current
for Deere 2. The lower current rating of Deere 2 is offset by the fact that its resistance is twice as
large as for Deere 1. At high speed, the motor losses of Deere 2 are higher which is at least
partially due to an additional 800 W of rotational losses at 6000 rpm. Inverter losses are higher
at low speed for Deere 1 which has the higher rated current; but Deere 1 has lower inverter losses
at high speed. Overall losses are lower at low speed with Deere 2, but Deere 1 has the lower
overall losses at high speed. There isn’t a great deal of difference in the loss performance of the
two designs and they would likely be even more nearly the same if they had the same rotational
losses. The IGBTs for Deere 1 are 600 A devices while those for Deere 2 are 300 A devices. In
principle, the Deere 2 design should have the lower cost inverter.

Figure 35 shows that the rpm regions of highest motor and overall efficiency are slightly larger
for Deere 1 than Deere 2. Other than this observation, the efficiency of both drives is about the

same.

Losses and efficiency are compared in the next section for Deere 1 driven by CPA and Deere 2
driven by DMIC.
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5.6 COMPARISON OF THE CPA DRIVEN DEERE 1 AND DMIC DRIVEN
DEERE 2

The loss/efficiency performance of the CPA driven Deere 1 and the DMIC driven Deere 2 are
compared in this section. Semiconductor parameters are the “typical” values of Tables 4 and 5.
The dc supply voltage is 360 V for both drives and to focus on the differences between CPA and
DMIC the rotational losses are neglected. The motor, inverter, and total losses are compared in
Fig. 36 while the corresponding comparison of efficiency contours is given in Fig. 37.
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Fig. 36. Comparison of the motor, inverter, and total losses of Deere 1 driven by CPA and Deere 2
driven by DMIC with “typical” VSI loss parameters and rotational losses neglected.

The motor losses at low speed are slightly lower for Deere 2 despite the addition of the SCRs as
well as the fact that the winding resistance in Deere 2 is twice the value for Deere 1. This is due
to the reduced current in Deere 2 resulting from the larger magnitude back emf. For most load
conditions at speeds above 2000 rpm the motor losses and total losses of Deere 2 are lower than
for Deere 1. This is the result of the DMIC’s ability to perform current-magnitude minimization
at high speed. The inverter losses of Deere 2 are larger than for Deere 1 at high speed and full
load due to the reverse-recovery losses of the SCRs. If Deere 2 were re-designed for fewer than
20 poles, the fundamental frequency would be reduced and the reverse-recovery losses of the
SCRs would be correspondingly reduced. As noted in the previous section, the IGBTs in the
Deere 1 VSI will be 600 A devices while 300 A devices can be used with Deere 2.

62



DEERE 1 DRIVEN BY CPA DEERE 2 DRIWEN BY DMIC

1000 T T T T T 1000 T T T T
¢ MOTOR EFFICIEMCY CONTOURS : MOTOR EFFICIENCY CONTOURS:
&m0 e L i . e [ i
e 5 5 5 5 5 = r r 5 5 5
— EDD R L T —_ B |
0 : : : : i : : :
= : 99-100% : : = : 99-100% : :
g A00 BAR0ca0 o i Aa A B E A dAR AR R neBa B RAGA R g A aH R aoSA NG H B Ge An n aAAREE NG AR A AReE
=) I| - B B B =) B B
= omn :‘ .............. L] R S i
04 P T R
0 1000 200 3 4000 5000 6000 ] 1000 2000 3000 4000 5000 6000
INVERTER EFFICIENCY CONTOURE INWERTER EFFICIEMCY CONTOURS
1000 T T T T T 1000 T T T T T
R TR | TR S S S i 1Rl | T i
E EDD .................... SRR ................... - E ..
= 99-100%: = : 48-99%, : :
g Fnl ||| 00 S L L - %
e : : . :
= 200 L] (|0 S
o
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 ]
TOTAL EFFICIENCY CONTOURS TOTAL EFFICIENCY CONTOURS
1000 T T T T T 1000 T T T T T
— BDD ...................................................... . OOD A el T -
= =
%- OO & E; ...”éé.ég%.”.”?.”.”.”;.”.””
] :
g A00 IR LT g ......
O o)
=z .

TU000 2000 3000 4000 500

6000

1000 2000 4000 5000
RPM RPM

Fig. 37. Comparison of the motor, inverter, and total efficiency contours of Deere 1 driven by CPA and
Deere 2 driven by DMIC with “typical” VSI loss parameters with rotational losses neglected.

The efficiency contours of Fig. 37 show that the performance of the two drives is very similar at
low speed, while motor, inverter and total efficiency is better with Deere 2 for most load
conditions beyond 2000 rpm. The figure confirms a basic conclusion that a drive that spends the
bulk of its operating time in the vicinity of base speed and below will not benefit significantly
from DMIC. However a drive that operates mainly well above base speed will have significant
improvement in efficiency with DMIC.

Losses and efficiencies of Deere 1 driven by CPA are compared with those of Deere 1 driven by
a modified DMIC in the next section.

5.7 DEERE 1 DRIVEN BY THE MODIFIED DMIC

The DMIC inverter of Fig. 4 involves the VSI and the ac voltage controller. Consequently, at
any operating condition and speed, the motor current flows through the transistors/bypass diodes
of the VSI and through the SCRs of the ac voltage controller. At low speed, the SCRs serve no
control function and yet each SCR conducts for one half cycle. Similarly, at high speed the
transistors serve no control function, and yet each transistor conducts motor current during a
substantial portion of each half cycle. The efficiency of the DMIC can be improved by removing
the SCRs during low-speed operation, thereby running solely on the VSI as in CPA; and
removing the VSI during high-speed operation, thereby running solely on the ac voltage
controller. An appropriately modified DMIC inverter is shown in Fig. 38. This configuration
will be referred to as the “Modified DMIC.” The addition of an in-line switch between the dc
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supply and positive rail of the VSI means that the Modified DMIC will have a cost even higher
than that of the DMIC. However, this configuration maximizes motor, inverter, and overall drive
efficiency across the entire range of speed and load. In applications where energy efficiency is a
driving concern, this configuration may be highly desirable and will be superior in this respect to
any equivalent CPA or DMIC drive.

HIGH SPEED

LOW SPEED

HIGH SPEED

LOW SPEED

Fig. 38. Modified DMIC inverter.

The in-line switch in the Modified DMIC inverter has two positions denoted in Fig. 38 as “high
speed” and “low speed.” During low-speed operation, the SCRs are not fired and all motor
current is supplied through the VSI components. This will improve low-speed efficiency by
eliminating the extra losses associated with the SCRs. During high-speed operation, the
transistors of the VSI are not fired and all motor current is supplied through the SCRs of the ac
voltage controller. This improves high-speed efficiency by eliminating the extra losses
associated with the VSI. The in-line switch could be a static switch, or preferably, a speed-
activated mechanical switch. The switch can always be operated at low current by coordinating
its operation with the firing of the transistors in the VSI and the SCRs. For transition from low
speed to high speed, the firing of the SCRs would commence prior to opening the switch. Since
the SCRs have inherently lower voltage drop than the IGBTs of the VSI, the motor current will
be mainly carried by the SCRs. After one fundamental cycle of operating on both the VSI and
SCRs, the switch can be changed to the high-speed position while there is low current flow
through it. Conversely during the transition from high speed to low speed, the switch is operated
with zero current flow through it and once closed, the firing of SCR Tx is replaced by the firing
of IGBT Qx. After one fundamental cycle, the motor current is transferred completely from the
SCRs to the VSI and there is no further firing of the SCRs. The scheme can use a hysteresis
band to avoid continual switching back and forth between the high speed and low-speed modes
during sustained operation of the vehicle at the boundary between high and low speed. In the
envisioned control, the low-speed to high-speed transition would take place at a relative speed,
say n,, and the transition from high-speed to low-speed mode would take place at a lower

relative speed, n, <n,. In this way, “chattering” of the switch would be avoided.

Figure 39(a), (b) and (c) show the performance of the Modified DMIC driving Deere 1 across the
full speed range at maximum required torque. Figure 39(a) is identical to Fig. 25(a) which is for
Deere 1 driven by DMIC. Comparing Fig. 25(b) with Fig. 39(b) shows the distinct difference
between the regular DMIC and the Modified DMIC. In Fig. 25(b), it is clear that the motor
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current flows through both the VSI and the ac voltage controller components at all speeds.
However, Fig. 39(b) shows that for the Modified DMIC that the motor operates solely on the
VSI at “low speed,” which is approximately 1625 rpm, and solely on the SCRs at high speed.
Figures 25(c) and 39(c) are similar due to the fact that the rotational losses dominates all other
loss mechanisms at high speed, i.e. it is difficult to see the improvement in over all efficiency
due to the Modified DMIC configuration.
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Fig. 39. Performance of Deere 1 driven at maximum torque by Modified DMIC
from 0-6000 rpm with rotational losses.
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(c) Motor losses and efficiency, inverter losses and efficiency, output power, total losses, and drive efficiency.

Fig. 39. Performance of Deere 1 driven at maximum torque by Modified DMIC
from 0—6000 rpm with rotational losses (cont’d).

To focus more clearly on the benefit of the Modified DMIC inverter, the rotational losses are
neglected and the motor, inverter, and total losses of Deere 1 driven by CPA are compared with
the losses of Deere 1 driven by the Modified DMIC in Fig. 40. The semiconductor loss
parameters are the “maximum” loss parameters given in Table 6. The corresponding motor,
inverter, and total efficiency contours are shown in Fig. 41.
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Deere 1 with Modified DMIC without rotational losses.
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Figure 40 shows that the loss profiles of the CPA and Modified DMIC Deere 1 drives are
identical below base speed. Above base speed the motor, inverter, and total losses are lower for
the Modified DMIC for all operating conditions from full load to no load. Note that at the
6000 rpm top speed, the losses with the Modified DMIC are 3000-4500 W lower with the
Modified DMIC as with CPA.

Figure 41 shows that for operating conditions below 1625 rpm that the motor, inverter, and total
efficiency of the Modified DMIC is the same as that of the CPA drive. However, for almost all
load conditions beyond 1625 rpm, the overall drive efficiency with the Modified DMIC is at
least 97% while for the CPA drive the efficiency can be 92% or less.

The Modified DMIC represents a configuration that provides the maximum possible motor,

inverter, and overall efficiency. This configuration may be attractive in applications requiring a
wide CPSR with emphasis on energy efficiency.

68



6. COST STUDY
6.1 MOTOR DESIGN AND SELECTION

The baseline 60 kW motor, whose parameters are in Table 1, is named Deere 1 for this study and
represents existing commercial technology. Both UQM and ORNL used their design capabilities
attempting to design a lower cost motor with minimum possible inductance and a line-to-neutral
rms back-emf of 94 V at a base speed of 600 rpm. This is the voltage that will not exceed the
peak line-to-line 2300-V insulation capabilities of the motor windings at 6000 rpm (CPSR = 10).
The equation for calculating the rms line-to-neutral back-emf is

E peak 600

E rms _ line—to—line %

line—to—neutral \/E\/E 6000 .

(69)

The UQM design, whose parameters are also in Table 1, is named Deere 2. It was selected for
comparison with Deere 1 instead of the ORNL design, named Deere 3, because it achieved the
desired power with less magnet material and was therefore cheapest (Table 8).

Table 8. Weight and cost comparison of three permanent magnet (PM) motor designs

Motor Description Lams(kg) CU(kg) Mag(kg) Pur(S) -
%Change

Deere 1 56 14 32

Deere 2 (UQM) 49 13 35 -2.6%

Deere 3 (ORNL) not 51.5 13.1 4.8 5.0%

selected

A discrepancy between ORNL’s Deere 3 design and UQM’s Deere 2 design is that Deere 3’s
685 uH inductance is much higher than Deere 2’s 400 uH inductance. The discrepancy, which
still needs resolution, is between the standard inductance formulas used by ORNL and the finite-
element techniques used by UQM. It is possible that the standard formulas do not work as well
for a larger number of poles, although ORNL has obtained good agreement between theoretical
inductances and measured inductances for 18 pole axial-gap PM motors.

6.2 MOTOR COST

After development of the comparative motor designs, a purchase cost estimate was developed on
the base motor from detailed quoted component material costs. These costs where extended to
the redesigned motors by using a simplified commercial model. The investigation had hoped to
find that the newly designed motors with reduced inductance and a stronger torque constant
would yield some commercial benefit from reduction of materials. For the example under
study, no benefit in motor cost reduction was found. From Table 8, one redesign did lead to a
slight reduction while the other actually lead to a cost increase. For design 1 and 2, the cost
estimate did not account for a higher-voltage insulation class to offset the impact of the motor
seeing actual higher back-emf’s. As a result, no motor cost reduction was found. The redesign
did lead to some package size reduction, but was not significant.
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6.3 INVERTER SEMICONDUCTOR COST

To evaluate the inverter cost impact, a production quotation on the inverter used to drive the base
motor was obtained.  This inverter quotation was updated with a reduced peak-continuous
current requirement to estimate base savings from silicon savings reduction due to increased
motor torque constant. The savings had some impact on cost, but was limited. Next, the cost
increase due to additional SCRs was investigated.

To estimate the cost impact due to the addition of SCRs, a semi-conductor manufacturer was
engaged. Initially, due to the device frequency requirements, an inverter grade SCR was
recommended. Previous testing and experience at ORNL indicated that, due to the soft nature of
the current turn-off cycle, non-inverter grade devices have potential application. After sharing
this experience and subsequent modeled current wave-forms, the semi-conductor manufacturer
believed non-inverter grade would be possible. Non-inverter grade SCRs cost less than inverter
grade SCRs. Actual testing of the devices was not done to confirm this application. Based on
SCR cost information from the semi-conductor manufacturer, the addition of separate SCR
components would lead to a significant inverter cost increase.  One option to reduce this cost
increase might be to combine the IGBT and SCR semi-conductors on the same direct bonded
copper (DBC) substrate with wire bonding. This would be an opportunity for further
investigation of DMIC technology system cost impacts.
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7. CONCLUSIONS

Both Deere 1 and Deere 2 can meet a 10:1 CPSR requirement.

The efficiency of the CPA driven Deere 1 is higher than that of the DMIC driven Deere 1 at
speeds up to and slightly beyond base speed. The reason for this lies in the added losses
resulting from the additional inverter components (thyristors) in the DMIC inverter. An
application whose load involves a high percentage of operation in the vicinity of base speed
will not likely benefit from DMIC.

The use of the thyristors in the DMIC design allows the motor to be designed for high motor
back-emf and lower motor current. The lower current handling requirement may allow the
DMIC inverter to be lower in cost than the CPA inverter especially if the difference in current
is at a “technology” breakpoint; e.g. if the use of DMIC were to allow 300A transistors to be
used when 600A transistors would otherwise be required.

The rotational losses of both motor designs are large at high speed and reach approximately
10 kW at the top speed of 6000 rpm. The cause of the rotational losses and means for
substantially reducing them warrants further study. Reducing these losses would greatly
enhance the overall efficiency of both the CPA and DMIC driven machines.

The rotational losses at high speed dominate other loss mechanisms such as motor-copper
losses and inverter losses. To sharpen the distinction between the DMIC and CPA driven
cases relative to motor and inverter losses, the efficiency studies were performed twice. In the
first analysis the rotational losses of Deere 1 and Deere 2, which are recorded in Table 1, were
included while, in the second analysis, the rotational losses were neglected. Efficiency maps,
with and without rotational losses, were constructed showing regions of similar efficiency
plotted on the torque speed envelope of the drives.

Above base speed, the efficiency of the DMIC driven Deere 2 configuration is superior to that
of the CPA driven Deere 1. This is due to the current minimizing, optimal watt per amp
control enabled by DMIC in the constant power mode. The efficiency enhancement of DMIC
is most pronounced for load conditions less than full power when operating at high speed.
The value of DMIC for Deere applications will depend strongly on the load-duty cycle.
Applications with varying duty cycle that involve considerable operating time above base
speed will have the greatest gain in energy efficiency from the application of DMIC.

The Deere 2 redesign did lead to a slight cost reduction while the Deere 3 design actually led
to a small cost increase; but, for the examples under study, no significant benefit in motor
cost reduction was found.

The redesign did lead to some slight but insignificant package size reduction.

Drive efficiency can be improved, at high speed, using the DMIC even when the motor
inductance is high. Providing additional dc supply voltage can further improve the advantage
of DMIC relative to CPA.

The main consideration in whether or not the DMIC has value in a given application depends
greatly on how much time is spent at high speed and on load-duty cycle at high speed. A
highly variable, high-speed load would benefit substantially from DMIC. A drive that
spends the greatest portion of its time in the vicinity of base speed operating at near full load
would most likely perform well with CPA
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In this study there is little difference in performance between the Deere 1 and Deere 2 drives
with respect to losses and efficiency so that selection decisions would necessarily be based
on motor cost, which was not sufficient to pay for the DMIC’s thyristors.

For the examples under study, no significant benefit in motor cost reduction was found.

Use of DMIC is a mismatch for the cases examined because motor redesign doesn’t lead to
motor cost reduction and the Deere application spends most of its duty cycle at or below base
speed where the efficiency gains do not pay for the additional SCRs required by DMIC.
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8. FUTURE COLLABORATION

There are four types of research activities related to traction-motor drives that ORNL and Deere
could collaborate on:

e Determination of the maximum commutation switching speed of thyristors (SCRs) and
transistors (IGBTs).

e Search for Deere applications that have a large percentage of their duty cycle at high
speeds and large load variations.

e Explore with Deere expansion of their product line to include traction drives for hybrid
electric heavy on-road vehicles, such as 18-wheelers.

o Explore the use of switched reluctance motors (SRMs) operated in the continuous-
conduction mode for Deere applications.

e Explore the use of ORNL’s High (magnetic) Strength Undiffused Brushless (HSUB) dc
motors for use in Deere applications.

Economically beneficial collaborative research among Deere, UQM, and ORNL could identify
and quantify the measured losses in the UQM motor and find ways to reduce these losses.

Another potentially useful collaborative research project among Deere, Semikron, and ORNL
could identify methods of packaging VSI/SCR components to reduce DMIC inverter costs.

8.1 MAXIMUM COMMUTATION SPEED OF THYRISTORS AND TRANSISTORS

This collaborative research has shown that the primary justification for using DMIC is
operational savings, which occur because of current minimization when a motor operates near
the top of its CPSR and has a wide torque/power variation as shown in Fig. 36. The DMIC
speed is limited by the maximum electrical frequency at which the semiconductor switches may
operate. Electrical frequency, fe, is related to the mechanical rotational frequency, Qpm, by

Q rpm p
felectrical = W? > (70)
where p is the number of magnetic poles. The circuit-commutated control time listed for the
thyristors in this study range from 180-200 us. At 6000 rpm, this is about 1/4 of the electrical
period of operation. Future collaboration would be directed to show just how high thyristor-
operating frequency may be pushed and indicate if it will be necessary to use IGBTs, which have
circuit commutate switching time of 3—4 us but are more expensive.

8.2 SEARCH FOR DEERE DMIC-USEFUL LIFETIME DUTY CYCLE MATCHES
Deere provided a lifetime duty cycle for the application studied in the first collaboration which,
although it demonstrated operational savings, did not spend a sufficient portion of its life

demanding wide-power variations at high speeds to justify the cost of the additional DMIC
thyristors. If a DMIC-useful lifetime duty cycle match may be found among Deere applications,
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future collaboration would be to estimate the actual benefit using the techniques for estimating
motor losses developed during the initial collaboration.

8.3 TRACTION DRIVES FOR HEAVY ON-ROAD VEHICLES

An on-road heavy vehicle, such as an 18-wheeler which spends most of its life at highway
speeds with very large power demands as it pulls and coasts on hills, has a DMIC-useful duty
cycle match. If there are Deere applications like these, they could experience significant
operational cost benefits. This might also fit into future Deere market applications if the
company plans to provide traction drives for on-road hybrid electric vehicles like 18-wheelers.

8.4 HIGH CPSR SRMs OPERATING IN THE CONTINUOUS-CONDUCTION MODE

SRMs have many desirable features, such as ruggedness and simplicity, which make it attractive
to Deere. But when operated in conventional mode where the current returns to zero after each
work cycle, they have low-power densities that do not meet Deere’s specifications.

There is a new application of SRMs operating in the continuous-conduction mode that Deere
may want to consider for use in a traction drive for its off-road applications and possible future
on-road applications [7]. Using a linear-magnetic model that neglects saturation, which proved
to be highly accurate in predicting high-speed performance when the SRM operates in
continuous conduction, this analysis shows that in the absence of speed sensitive losses, the
CPSR of the SRM is infinite when continuous conduction is allowed. Therefore, the SRM is a
candidate motor for all traction applications including those involving heavy vehicles which may
require a CPSR of 10:1 or greater.

Analysis of an example SRM with 8§ stator poles and 6 rotor poles, a base speed of 240 rpm, and
a supply voltage of 700 Vdc shows the benefit from continuous conduction. Figure 42 shows the
phase A current, voltage, co-energy, and useful power at base speed with discontinuous
conduction.

Figure 43 compares the phase A current, voltage, co-energy, and useful power for discontinuous
conduction and continuous conduction at 6500 rpm (n = 26).
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Fig. 42. Phase A current, co-energy, and useful power for a hypothetical 320 hp 8/6 SRM at half-base speed
and base speed with supply voltage, V4. =700 V, and current limit, I, = 600 A.
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Fig. 43. Phase A current, voltage, co-energy, and useful power for a hypothetical 320 hp 8/6 SRM at

(b) Continuous conduction, 0, = 22.25°, 0, = 31°.

6500 rpm (n = 26) with supply voltage, V4. =700 V, and current limit L. = 600 A.

Figure 42 shows that the 700 V dc supply is adequate to produce 320 hp required at base speed
without exceeding the 600 Apcac and 425 Ay rating of the example motor. Figure 43(a) shows
that at 6500 rpm very little current is driven into the motor when it must return to zero every
cycle as it must in the discontinuous-conduction mode. What is remarkable is that, when current
is not required to return to zero, a rms current of only 327 A, will deliver 686 hp at

6500 rpm...far above rated power and far below rated current.
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Collaboration between Deere and ORNL would involve determining the maximum reasonable
CPSR by determining the mechanical limits of the rotating components and the electrical
frequency limits of the switches used in the controller. Control of the SRM in continuous
conduction is extremely sensitive to the dwell angle and control sensitivities and development of
algorithms; to accomplish this control would be part of the collaboration. SRM motors have
more ripple than PM motors, but control techniques can be used to reduce ripple at low speeds
while at high speeds ripple is filtered out by the inertia of the vehicle it is driving. The rotor of
an SRM is a cylinder of steel with steel tabs for poles, so there are no magnets to pay for and
worry about demagnetizing and radial growth diminishes the gap which increases the torque. It
is a robust motor whose traction-drive potential is gradually being exposed by theoretical
analyses [7].

8.5 THE HSUB DC MOTOR AS A TRACTION DRIVE FOR DEERE APPLICATIONS

The HSUB motor was proposed in the original CRADA with Deere as a possible candidate for
some of their off-road applications. ORNL studies have shown that “doubly fed” machines, such
as the separately excited dc motor and the conventional synchronous motor where both the
armature and field are excited, have a large CPSR capability. Unfortunately, the commutator in
the dc motor and the slip rings in the synchronous motor pose reliability problems for Deere
tractor applications. The HSUB motor circumvents this difficulty because it is a doubly-fed
synchronous motor without the slip rings.

ORNL has combined recent research on controlling magnetic flux (flux focusing) and on
brushless magnetic field weakening to invent and demonstrate the HSUB (flux lines) electric
motor for which Patent No. 6,573,634 was awarded with the issue date of June 3, 2003. Its
magnetic field is determined by a stationary coil embedded in part of the housing which
produces flux. The flux crosses a small gap into a rotor, which acts as a rotating-flux guide
directing the flux through the gap of a conventional stator. Eddy currents are negligible in the
rotor. The coil and stator are stationary structures where they may be readily cooled. The
rotating-flux guide is ferromagnetic material.

The motor is easy to manufacture using a technique developed at ORNL to insert the magnets.
The technique, which eliminates most of the flux fringing, injects a slurry of un-magnetized
powder and epoxy between the rotor teeth where it is cured and magnetized after assembly. This
makes it much easier to handle than motors requiring assembly with strong PMs.

Strong magnets may also be added to increase the magnetic field. The CPSR is controlled by
changing the current in the static coil just like a dc motor with a separately excited field, thereby
giving the motor an “infinite” CPSR. The motor’s simplicity, brushless-field weakening, infinite
CPSR, manufacturability, and configuration for easy heat removal make it attractive as a drive
motor for Deere’s farm implements and possibly for some future on-road application. The motor
may be controlled with a standard voltage-fed PWM inverter.

Collaboration would involve selection of an application to which this motor is well suited, design

of the motor and inverter controller, simulation of its operating performance, fabrication of the
motor and controller, and laboratory characterization. This is a new concept in motors which has
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potential high-torque production using flux enhancement and high-speed operation using flux
weakening.

8.6 IDENTIFICATION, QUANTIFICATION, AND REDUCTION OF DEERE 1
MOTOR LOSSES

The objective would be to reduce the open circuit losses from 10 kW to less than 2 kW. The
approach would be to model potential loss mechanisms to compare them with what has been
measured on the UQM dynamometer. Once identified, means would be sought to reduce or
eliminate them without impacting the motor performance. It has already been mentioned in this
report that one possible significant reduction could probably be achieved by using soft magnetic
material. Its increased resistivity will reduce eddy currents induced in the magnets by the stator
slots as the magnets pass them. The losses that will be explored are induced by magnet eddy
currents, stator core eddy currents, windage, and friction.

8.7 PACKAGING VSI/SCR COMPONENTS TO REDUCE COSTS

Semikron has already shown that inverter costs may be significantly reduced by the way the
components are packaged. The objective would be to explore the limits that packaging and
assembly techniques may be used to reduce costs. That limit would be expected to provide cost,
which when added to the silicon cost would represent the inverter cost. With this information,
the cost impact of additional silicon, such as the SCRs, could be more readily determined.

78



APPENDIX A. SEMICONDUCTOR DATA SHEETS
A.1. IGBTS FOR DEERE 1

7OWEREX

PM600DVAO060

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

Intellimod™ Module
Single Phase

IGBT Inverter Output

600 Amperes/600 Volts

$ ®
B E N _ )
Ete] (o]

Description:

Powerex Intellimod™ Intelligent
Power Modules are isolated base
modules designed for power
switching applications operating
at frequencies to 20kHz. Built-in

L Swa Fuo Vet Ve G Sew Fro Vi
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. y IGBT and free-wheel diode
% b power devices.
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e ™ am | ™ o e Features:
‘. %_j_/ |— - % 0O Complete Output Power
Circuit
n = O Gate Drive Circuit
= L o _/\'% O Protection Logic
L—— L7\ — L7\ — Short Cireuit
i—»—,}\ ~ Over Temperature
O O Q — Under Voltage
Applications:
Outline Drawing and Circuit Diagram O Inverters
Dimensions Inches Millimeters Dimensions Inches Millimeters 0O UPS
A 4.72 120.0 P 122 31.0 O Motion/Serva Control
B 3.54 90.0 Q 1.10 28.0 O Power Supplies
C  1.3440.04/-002 34 +1.0-05 R 0.12 3.0 Ordering Information:
D 4,17+0.010 106.0+0.25 k3 M8 Metric Mms Examp|e: Select the Qomp|ete
E 2.99:0.010 76.0£0.25 T 0.26 Dia. Dia. 6.5 part number from the table below
E 1.52 385 U 1.29 328 -i.e. PM600ODVAOEO0 is a 600V,
& 016 40 v 0.10 254 600 Ampere Intellimod™ Intelligent
H 0.15 4.01 w 0.025 SQ 0.64 SQ Power Module.
J 0.40 10.16 X 0.14 Dia. 3.5 Dia. Type “";’:1";:::'““ "0';0[5151 "
K 0.71 18.0 Y 0.26 Dia. Dia.6.5 oM 0 s
L 1.22 31.0 z 1.79 455
M 1.73 44.0 AA 1.5 38.0
N 0.12 3.0
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7OWEREX

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

PM600DVAO60

Intelllmod™ Module

Single Phase IGBT Inverter Output
600 Amperes/600 Volts

Absolute Maximum Ratings, Tj = 25°C unless otherwise specified

Characteristics

Symbol PME00ODVAOG0 Units
Power Device Junction Temperature T -20 to 150 °C
Storage Temperature Tstg -40 to 125 °C
Case Operating Temperature Tec -20 to 100 °C
Mounting Torque, M6 Mounting Screws (Typical) —- 26 in-lb
Mounting Torque, M8 Main Terminal Screws (Typical) — 95 in-lb
Module Weight (Typical) — 720 Grams
Supply Voltage (Applied between C1-E2) Vce(surge) 500 Volts
Supply Voltage Protected by SC (Vp = 13.5 ~16.5V, Inverter Part, Tj = 125°C Start) Vee(prot.) 400 Volts
Isolation Voltage, AC 1 minute, 60Hz Sinusocidal Vams 2500 Volts
Control Sector
Supply Voltage Applied between (Vp1-Vpe, VN1-VNG) Vp 20 Volts
Input Voltage Applied between (Cpy-Vpc, VN1-VNG) Vein 10 Volts
Fault Qutput Supply Voltage (Applied between Fpo-Vpc, Fno-ViNG) VEo 20 Volts
Fault Output Current (Sink Current at Fg Terminals) IFo 20 mA
IGBT Inverter Sector
Collector-Emitter Voltage (Vp = 15V, VN = 5V) VcEs 600 Volts
Collector Current, + (Tg = 25°C) I 600 Amperes
Peak Collector Current, = (Tg = 25°C) lcp 1200 Amperes
Collector Dissipation (Tg = 25°C) Pc 1260 Watts
Electrical and Mechanical Characteristics, Tj = 25°C unless otherwise specified
Characteristics Symbol Test Conditions Min. Typ. Max. Units
Control Sector
Short Circuit Trip Level sC -20°C s Tjs 125°C, Vp = 15V 740 — —  Amperes
Short Circuit Current Delay Time toft(SC) Vp=15V — 10 — us
Over Temperature Protection oT Trip Level 111 118 125 °C
(Vp = 15V, Lower Arm) OT; Reset Level — 100 — °Cc
Supply Circuit Under Voltage Protection uv Trip Level 11.5 12.0 12,5 Volts
(-20°C s Tj s 125°C) uv Reset Level — 125 — Volts
Circuit Current in Vo =15V, Voin = 5V, VN1-VNe —_ o7 38 mA
Vp =15V, Vgin =5V, Vp1-Vpe — 27 38 mA
Input ON Threshold Voltage VCIN(on) Applied between 1.2 1.5 1.8 Volts
Input OFF Threshold Voltage VEIN(off) Cpi-Vpe: CN1-VNC 1.7 20 2.3 Volts
Fault Qutput Current IFO(H) Vp=15V,VFg = 15V — — 0.01 mA
|po{|_) Vp =15V, Vgg = 15V — 10 15 mA
Minimum Fault OQutput Pulse Width tro Vp =15V 1.0 1.8 — mS
SXR Terminal Output Voltage Vsxr Tj =< 125°C, Rjp = 6.8kQ (SpR, SNR) 4.5 5.1 5.6 Volts

80



A

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

PM600DVAO60

Intellimod™ Module
Single Phase IGBT Inverter Output
600 Amperes/600 Volts

SATURATION VOLTAGE CHARACTERISTICS
(TYPICAL)
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A.2. SCRS FOR DEERE 1

Datenblatt / Data sheet

power electroncs in motion

BUpEC

Netz-Thyristor-Modul
Phase Control Thyristor Module

TT162N

TT162N TD162N DT162N
TT162N...-K TD162N...-A
Elcktrische Eigenschaften / Electrical properties
Hachstzuldssige Werte / Maximum rated values - e — —
Periodische Vorwans- und Ruc Spitzenspersp g | T, =-40°C... Tyjms Vorm Vs | 1200 :;gg : il
repetitive peak forward off-state and reverse voltages
Vorwarts-Stolkspitzensperrspannung Ty =-40"C... Tyma Vm: 1200 1£g x |
non-repetitive peak forward off-state voltage 1 ‘
Ruc Stofisphtzensperrsp a T 1= +25°C. Ty View 1300 1500 | V
non-repetitive peak reverse voltage 1700\ v ‘
Durchiatstom Grenzefiekivwert R ™ wln ot
maximum RMS on-state current |
Dauergrenzstrom T- =85°C bra 162 | A
average on-state current
Stolstrom-Grenzwert Ty=25"C.tr =10 ms lisan 5200 | A "
surge current Ty = Tyiman, tp=10ms 44001 A |
Grenzlastintegral Ty=25°C.te=10ms Pt 135000 | A's |
Pt-value Ty = Tjmas lp=10ms 97000 | A's [
Kritische Stromsteilheit DIN IEC 747-6 1 = 50 Hz, (di-/dt)., 150 { Adps !
critical rate of rise of on-state current icw = 0.6 A, dig/dt = 0.6 Aps |
Kritische Spannungssteilheit T = Ty me Vo = 0,67 Ve (dvpidt ) |
critical rate of rise of off-state voltage 6.Kennbuchstabe / 6" letter C 500 | Vius
6.Kennbuchstabe / 6" letter F 1000  Vips
_Charakteristische Werte / Characteristicvalues B S
Durchiafispannung Tyi = Tjmae , r =500 A max. 141V
on-state voltage
Schleusenspannung T = Tojma Vo 085V
threshold voltage
Ersatzwiderstand T = Teimes rr 095/ m |
slape resistance ll
Ziindstrom [ T=25"C.vp =6V lgr max. 150 |mA |
gate trigger current | |
Ziindspannung ITi=25°C,vo=6V Ver max. 2|V
gale trigger voltage |
Nicht zindender Steuerstrom T = Tyjnees V0 = 6V [ max.  10|/mA |
gale non-trigger cument Tii = Tijmas . Vo = 0.5 Voan max. 5{mA |
o ST 2 SIS, [ |
Nicht ziindende Steuerspannung To = Tyymax . Vo = 0,5 Voru Voo max. 025|V
gate non-trigger voltage
Haltestrom T, =25C,ve =6V, Ry =510 b max. 200 |mA
holding current
Einraststrom T;=25"C.vp =6V, Rz 1002 I max. 800 |mA
latching current Iy =06 A, dic/dt = 0.6 Alps,
;=20 ps
Vorwarts- und Rickwarts-Sperrstrom T = Tojmex io. In max. 30 | mA
forward off-state and reverse current Vo = Voam, Ve = Vs
Zundverzug DIN IEC 747-6T,=25°C, o max. 3| ps
gale controlled delay time icw =06 A, dig/dt = 0,6 Alps
prepared by: | C.Drlling | date of publication: | 04.07.02
approved by: | J Novotny | revision: ' 1
BIP AC / Warstein,den 18.01.88 Spec | A513MT l Seite/page | 112
pTH‘? :,0{)()?5__5-‘— V - /ff/ — SO0 X (L0095 = ,9.?f vol;

TH 7
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power elecironics in molion

Datenblatt / Data sheet eupec

Netz-Thyristor-Modul -I—I-
Phase Control Thyristor Module 1 62N

1000

100

1 10

Ty = Tymax, V& S 0,5 Veam, Vam = 0,8 Varu

Parameter: Durchlalstrom / On-state current ipw

-dildt [Alps] 100

Sperrverzégerungsladung / Recovered charge Q. = f(-di/dt)

Irioum [A]

2.500

2.000

1.500

1.000

500

0,01 0.1

a: Leerauf / No-load conditions
b: nach Belastung mit Iy / after load with lyaum
Ta = 35°C, verstarkte Luftkithlung / Forced air cooling
Ta = 45°C, Luftselbstkiihlung / Natural air cooling

tis]

Grenzstrom / Maximum overload on-state current lriovim = f(t), Vam = 0,8 Vagrm

BIP AC / Warstein,den 18.01.88 Spec A513MT

Seitefpage 1112
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A.3.IGBTS FOR DEERE 2

/
7OWEREX PM300DSA060

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272 Intellimod™ Module

Single Phase
IGBT Inverter Output
300 Amperes/600 Voits

NSIDE P SIDE

1. VN1 1. VP
A 2. SNR 2. SPR
B N 3. CN1 3 CP1
G i T-DIA. 4. VNG 4. VPC
? = TV ere) s FNO s FPO
/]
L jEp 55 (8TYP.)
c - O+H D
=
n:::

a-oin— J b
@TYP) B 7HD.

0.64 MM SQ. PIN cucs
(3TYP) (10 TYP.) Description:

Powerex Intellimod™ Intelligent
I Power Modules are isolated base

-l———_.—\ pom— e Jl_ K

E

T modules designed for power
3 i —
!

~

1] switching applications operating
P at frequencies to 20kHz. Built-in
T control circuits provide optimum
gate drive and protection for the
— do IGBT and free wheel-diode
- power devices.
FO S
. . jﬂw:'] Features:
I e B W W | ] Complete Output Power
. il 1 Circuit
" _4_1 [ Gate Drive Circuit
e i :TEW O Protect'roq Logic
" om J — Short Circuit
WEZIN o | I 1 ) | — Qver Current
e T3] — Over Temperature
e - Under Voltage
Outline Drawing and Circuit Diagram Epﬁ':\i.r‘;ar::::s
Dimensions Inches Millimeters Dimensions Inches Millimeters O upPs
A 4.33 110.0 K 0.55 14.0 [ Motion/Servo Control
B 3.66:0.010  93.0£0.25 L 0.51 13.0 (1 Power Supplies
S == it ; as L. Ordering Information:
D 2.01 51.0 N 0.33 8.5 Example: Select the complete
E  1.14+0.04-0.02 29.0 +1/-0.5 P 0.28 7.0 part number from the table below
F 1.02 26.0 Q 0.22 Dia. Dia. 5.5 -i.e. PM300DSAO060 is a 600V,
G 0.98 25.0 R M5 Metric M5 300 Ampere Intellimod™ Intelligent
H 0.90 23.0 s 0.100 2.54 Power Module.
J 0.85 21.5 T 0.08 Dia. Dia. 2.0 Type Current Rating Vees
Amperes Volts (x 10)
PM 300 60
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Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvanla 15697-1800 (724) 925-7272

PM300DSA060

Intellimod™ Module

Single Phase IGBT Inverter Output
300 Amperes/800 Volls

Electrical and Mechanical Characteristics, Tj = 25°C unless otherwise specified

Characteristics Symbol Test Conditions Min. Typ. Max. Units
Control Sector
Over Current Trip Level Inverter Part (o] -20°C s T £125°C 390 540 —_ Amperes
Short Gircuit Trip Level Inverter Part 5C -20°C < T £125°C 540 760 —  Amperes
Over Current Delay Time tofi(OC) Vp =15V _— 5 — us
Over Temperature Protection ar Trip Level 100 110 120 °C
OTp Reset Level 85 a5 105 “C
Supply Circuil Under Voltage Protection uv Trip Level 115 120 125 Voils
Uvg Reset Level — 125 - Volts
Supply Voltage Vo Applied between Vpi-Vpg, Viyi-Vng 135 15 16.5 Volls
Circuit Current Ip Vo =15V, Vi = 5V, VNi-Ving — 19 26 mA
Vp = 15V, Vein = 5V, Vxp1-Vxpe _— 18 26 mA
Input ON Threshold Voltage VciNfon) Applied between 1.2 1.5 1.8 Volts
Input OFF Threshold Voltage chm Cpy-Vpe, Cni-VNe 1.7 2.0 23 Volis
PWM Input Frequency frwm 33 Sinusoidal —_ 15 20 kHz
Fault Qutput Current IFO(H) Vp =15V, Ve = 15V — - 0.01 mA
|FO{L] Vp =18V, Vpg = 15V — 10 15 mA
Minimum Fault Output Pulse Width IFo Vp =15V 1.0 1.8 — mS
SXR Terminal Output Voltage Vsxr Tj £125°C, Rin = 6.8 ki1 (SpR, SnA) 4.5 51 5.6 Volis
7OWEREX
Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272
PM300DSA060
Intellimod™ Module
Single Phase IGBT Inverter Oulput
300 Amperes/600 Volts
Absolute Maximum Ratings, T] =25°C unless otherwise specified
Characteristics Symbol PM300DSA060 Unils
Power Device Junction Temperature Tj =20 to 150 *C
Storage Temperature Tsig -40to 125 °C
Case Operating Temperature Tc =20 to 100 *C
Mounting Torque, M5 Mounting Screws — 17 in-lb
Mounting Torque, MS Main Terminal Screws — 17 in-lb
Module Weight (Typical) — 430 Grams
Supply Voltage Protected by OC and SC (Vp = 13.5 - 16.5V, Inverter Part) Vec(prot) 400 Volls
Isolation Voltage, AC 1 minute, 60Hz Si VEMS 2500 Volis
Control Sector
Supply Voltage Applied between (Vp1-Vpe, Vii-Vng) Vo 20 Volts
Input Voltage Applied between (Cpq-Veg, Cni-Vig) Ve 10 Volts
Fault Output Supply Voltage (Applied between Fpn-\fpc and Frpg-Vine) VEo 20 Volts
Fault Output Current IFo 20 mA
IGBT Inverter Sector
Collector-Emitter Voltage (Vp = 15V, Vg = 5V) VcEs 600 Volts
Collector Current, + g 300 Amperes
Peak Collector Current, + Icp 600 Amperes
Supply Voltage (Applied between C1 - E2) Vee 450 Volts
Supply Voltage, Surge (Applied between C1 - E2) Vec(surge) 500 Volts
Collector Dissipation Pc 960 Watts
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7OWEREX

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

PM300DSA060

Intellimod™ Module

Single Phase IGBT Inverter Output
300 Amperes/600 Volls

Electrical and Mechanical Characteristics, Tj= 25°C unless otherwise specified

Characteristics Symbol Test Conditions Min. Typ. Max. Unils
IGBT Inverter Sector
Callector Cutoff Current lcEx Vce =Vcex. Tj=25°C — — 1 mA
Vee = VeEx, Tj =125°C —_ —_ 10 mA
Diode Forward Voltage VEM -lg = 300A, Vo = 15V, Vg = 5V —_ 1.9 2.8 Volts
Collector-Emitter Saturation Voltage VeE(sat) Vp =15V, Vg = OV, I = 300A — 18 28 Volts
Vp = 15V, Vg = OV, Ic = 300A, — 1.9 27 Volts
Tj= 125°C
Inductive Load Switching Times ton 0.5 1.4 25 us
ter Vp=15V,Vgn=0~5V — 0.15 0.3 Hs
C(on) Ve = 300V, I = 300A = 0.4 1.0 us
toit Tj=125°C o 2.0 3.0 us
tc(off) —_ 0.5 1.0 us
Thermal Characteristics
Characteristic Symbal Condition Min Typ. Max. Units
Junction to Case Thermal Resistance Ring-cja Each IGBT - — 0.13  °C/Watt
F'th(j-c)D Each FWDi — — 0.25 °C/Wwatt
Contact Thermal Resistance Rih{c-f) Case to Fin Per Module — — 0.048 °C/Watt
Thermal Grease Applied
Recommended Conditions for Use
Characteristic Symbol Condition Value Units
Supply Voltage Vee Applied across C1-E2 Terminals 0-400 \Volts
Vb Applied between Vpy-Vpe, VN1-VNG 15+ 1.5 Volts
Input ON Voltage VCIN(on) Applied between 0~08 \Volis
Input OFF Voltage VCIN{off) Cp1-Vee. Cn1-Vine 4.0 ~Vgyg Volts
PWM nput Frequency frwm Using Application Circuit 5~20 kHz
Minimum Dead Time {DEAD Input Signal 235 us

86



7OWEREX

Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

PM300DSA060
Intellimod™ Module
Single Phase IGBT Inverter Output
300 Amperas/600 Volts
SATURATION YOLTAGE
CHARACTERISTICS (TYPICAL)
5 T T
| Vp=15v ] | ’ |
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§ 4 bomarsizsc |
E i
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<]
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g2 :
z il |
£ -t T
- 1
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w
0 1
0 50 150 250 350 450
COLLECTOR CURRENT, I, (AMPERES}
SWITCHING TIME
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-..Tix 125°%C

e
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=)

101
101 102 103
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103 = = = s fn |
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Powerex, Inc., 200 Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

PM300DSA060

Intellimod™ Module

Single Phase IGBT Inverter Output
300 Amperes/600 Volts

CONTROL SUPPLY VOLTAGE TRIP-RESET TRANSIENT THERMAL
FAULT OUTPUT PULSE WIDTH VS,
I s W LEVEL TEMPERATURE DEPENDENCY IMPEDANCE CHARACTERISTICS
120 14 — T 401 — -
iy T : : i
2 100 N 13 ! | I i
~ 100 . F
] ~ d 3 =
[e— @ - I e
aEE 80 g,‘ﬂ 12 I ke e e LY g il T I-Is T I
T i I
2 i g% j 10-1 Sl RN L
§ 60 & E 1" 8 R i
gﬂ é TTT— T i
| IR ]
g 3 102 == l =it EEEI 555i
40 10 = 3/ J i
5 z E SINGLE PULSE
3 s ] Vp =15 ) _ i 2 [ STANDARD VALUE = Rppjcyq = 0.13°CW
0 i 0 \ £ qo0 Lliiwm i i 11y
[1] 40 80 120 160 0 40 80 120 160 103 10-2 10-1 100 101
CASE TEMPERATURE, T, (°C) JUNCTION TEMPERATURE, Te,, (°C) TIME, {5}
TRANSIENT THERMAL
IMPEDANCE CHARACTERISTICS
(FwDI)
w 1 —_ —_—
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g t = = =
= i ]
£ 101
T 110
% I 1l
5 102 |
& E SINGLE PULSE FHHH
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g 103 IR R e el
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TIME, (5)
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SWITCHINTG DISSIPATION, (mJ/PULSE)

—
o
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—
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-
o
=

= CONDITIONS:

— INDUCTIVE LOAD

— SWITCHING OPERATION

_ T, =125°C

= Voo =1/2 Vees

:VD‘—" 15V

600V SERIES

1200V SERIES

SWITCHING DISSIPATION
TURN-ON DISSIPATION +
TURN-OFF DISSIPATION

COMPATIBLE Ic RANGE:

I

RATED Ic X 0.1 ~ 1.4
NI I WA RNTIT

100 101 102 103
COLLECTOR CURRENT, |, (AMPERES)

THIRD-GENERATION IPM
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A.4. SCRS FOR DEERE 2

Pk

Datenblatt / Data sheet

Ppower electronics in motion

BUPEC

Netz-Thyristor-Modul
Phase Control Thyristor Module

TT121N

TT121N TD121N DT121N
Elektrische Eigenschaften / Electrical properties
Hoichstzuldssige Werte / Maximum rated values
Periodische Vorwérts- und Ruch Spitzenspemrspannung | Ty = 40°C... Tujma Vo Veay | 1200 1400[v
repetitive peak forward off-state and reverse voltages gg 1800 3
Vorwdrts-Stofispitzensperrspannung Ty = 40°C... Tjmax Vosu 1200 1400 |V
non-repetitive peak forward off-state voltage ;ggg 1800 x
Ruckwarts-Stolbspitzensperrspannung Ty =+25°C... Tjmax Viraw 1300 1500 |V
non-repetitive peak reverse voltage ;:gg 1900 3
Durchlaiistrom-Grenzeffektivwert Irrssm 200 (A i
maximum RMS on-slate current
Dauergrenzstrom Tc=85°C Iy 121 | A
average on-state current Te=81°C 128 (A
Stofstrom-Grenzwert Ti=25°C.t,=10ms lrsm 2600 |A
surge current Ti = Tijmae: o =10ms 2350 | A
Grenzlastintegral T4y=25°C, tp=10ms 12t 33800 | A%
I*t-value Ty = Tymax. o= 10ms 27600 | A’s
Kritische Stromsteilheit DIN IEC 747-6 f =50 Hz, (dir/dt)e 150 | Afus
critical rate of rise of on-state current lom = 0,64, dig/dt = 0,6A/us
Kritische Spannungssteilheit Ty = Tiymax, Vo = 0,67 Vorm (dvp/dt)
critical rate of rise of off-slate voltage 6.Kennbuchstabe / 6™ letter C 500 | Vips
6.Kennbuchstabe / 6™ letter F 1000 | Vius
Charakteristische Werte / Characteristic values
Durchlafispannung T = Tyymm , it =350 A vr max. 165(V
on-state voltage
Schleusenspannung T = Tome Vg 0,85|v
threshold voltage
Ersatzwiderstand Tv = Trimex rr 2|m0
slope resistance
Zindstrom Ty=25"C,wp=6V lar max. 150 |mA
gate trigger current
Zundspannung Ty=25°C,vp=6V Ver max. 14|V
gate trigger voltage
Nicht ziindender Steuerstrom Ty = Tyjmue, VO =6V lan max.  50|mA
gate non-trigger current Tvi = Tojran . Vo = 0.5 Voau max. 25| mA
Nicht zindende Steuerspannung T = Tojmax « Vo = 0.5 Voam Veo max. 02|V
gate non-trigger voltage
Haltestrom T4=25°C,vp=6V,Ry=50 M max. 200 |mA
holding current
Einraststrom Ty=25°C,vp =6V, Raxk 21002 I, max. 620 |mA
latching current iom = 0,8A, dig/dt = 0,6A/ps,
=20 ps
Varwérts- und Riickwérts-Sperrstrom Ty = Toymax ig, ir max. 25| mA
forward off-state and reverse current vo = Voam, Vr = Vieam
Zindverzug DIMIEC 7476 T,=25°C, toa max. 3|ps
gate controlled delay time icm = 0,6 A, dig/dt = 0,6 Alus
1) 2000V auf Anfrage / 2000V on request
prepared by: | C.Drilling dale of publication: | 15.05.02
approved by: | J. Novotny revision: 2
BIP AC 15.05.2002; Drilling A 03/02 Seite/page 112
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N DBk

Datenblatt / Data sheet

Netz-Thyristor-Modul
Phase Control Thyristor Module

TT121N

10000 T~ e s = ] sc1 ez
= e onie 12 =
( i
=] . il |28
g [ - [l
[ B O T T [ T | i =500A
/ - 200A
g B Y i
1000 ~ 100A 3
I : —— 50A
] ]
20A -
| ||
100
1 10 -di/dt [A/ps] 100
Sperrverzégerungsladung / Recovered charge Q; = f(-di/dt)
Ty = Tvjmax, VR S 0,5 Vram, Vam = 0,8 Vrrm
Parameter: Durchlalistrom / On-state current iry
2.000 - | |
|
E kﬁh -8 I | |
< T i
e SR
1.000 w / | X
——&.‘\_2:-:_: T )-Z ° "'-—---"--:.'-""_".____-—
T Ta=45°C —]
T
500
0 ‘ |
0,01 0.1 t [s] 1
Grenzstrom / Maximum overload on-state current lriovm = f(t), vam = 0,8 Vram
a: Leerlauf / No-load conditions
b: nach Belastung mit lraw / after load with Iravm
Ta = 35°C, verstérkte Luftkiihlung / Forced air cooling
Ta=45°C, Luftselbstkilhlung / Natural air cooling
BIP AC 15.05.2002; Drilling A 03/02 Seite/page 11/12
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APPENDIX B: DEERE 1 TEST DATA

Performance Test Results on Deere 1 PM Motor
for DMIC Evaluation Program

October 26,2004

600 RPM; 165 N-m (~20% Output

Efficiency = 87%

RMS Current = 54 A (3.05 N-m/A)

Calculated Losses: 340 W Fe; 130 W Cu (95.6% motor efficiency)

22-0ct-04
11:48:25

pkpk (R 1.797 v
rms () 543 Bm\
2 ms BlL
.5 W DC
trig only 25 kS/s
3.2v ot i 1 HFREJ 8.08 V
4 trig only 0  STOPPED

600 RPM: 420 N-m (~40% Output)

Efficiency = 91%

RMS Current = 136 A (3.09 N-m/A)

Calculated Losses: 340 W Fe; 830 W Cu (95.8% motor efficiency)

22-0ct-04

1
pkpk () 4.84 v
rms () 1.362 V
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600 RPM: 610 N-m (~60% Output)

Efficiency = 90%

RMS Current =197 A (3.10 N-m/A)

Calculated Losses: 340 W Fe; 1746 W Cu (94.8% motor efficiency)

22-0ct-B4
11:49:18
r"{:;:::::: | 1 |
2 ms ‘ | !
1.08 /M 1 ,ﬁ‘“\
1 1
I j /
I ! ! 1 .f v
bl N N / o
f / r
A A
Y TN
| N4 |
| i |
pkpk (R) 6.00 V
rms (f) 1.969 v
2 ms BlL
1 v OC
trig only 25 kS/s
3.2 v ooC _ 1 HFREJ 0.00 v
4 trig only [ STOPPED

600 RPM: 800 N-m (~80% Output)

Efficiency = 88%

RMS Current = 260 A (3.08 N-m/A)

Calculated Losses: 340 W Fe; 3042 W Cu (93.7% motor efficiency)

22-0ct-B4
11:54:46

&‘\
17
___,__ﬁzfl___

pkpk (R) 8.13 V
rms(A) 2.598 v
2 ms B
2 v DoC
trig only 25 kS/s
3.2v oD = 1 HFREJ 8.80 V
4 trig only [ STOPPED
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600 RPM: 1000 N-m (~100% Output)

Efficiency = 86%

RMS Current =332 A (3.01 N-m/A)

Calculated Losses: 340 W Fe; 5000 W Cu (92.1% motor efficiency)

22-0ct-B4
12:12:09

| R . i
o | | | : | |
ERER e | .f}/.\m\“ | ///\ | :(‘i)_:
1 x\\/ :f: i
| E |
|

1
pkpk (R) 18.38 V
rms(R) 3.326 V
2 ms BlL
2 v OC
trig only 25 kS/=s
.2 v It — ] HFREJ 8.88 V
4 trig only O  STOPPED

1200 RPM; 75 N-m (~20% Output)

Efficiency = 82%

RMS Current =24 A (3.12 N-m/A)

Calculated Losses: 900 W Fe; 26 W Cu (91% motor efficiency)

pkpk (R) 1.847 v
rms(f) 248.5my
2 ms BlL
.5 v DC
trig only 25 kS/s
3 '2. v DC _I— 1 HFREJ 08.88 V
4 trig only 0  STOPPED
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1200 RPM; 240 N-m (~40% Output)

Efficiency = 96% - suspect measurement

RMS Current = 78 A (3.08 N-m/A)

Calculated Losses: 900 W Fe; 275 W Cu (96.3% motor efficiency)

22-0ct-04
14:82:11 .
’m-l“:::::z | I |
L s | {
o || | |
| !
f 7
b
A, NI
I 'ij lqva‘; |
| L& | !
1
plpk () 2.831 v
rms(f) 770.5my
2 ms BlWL
.5 Vv DOC
g trig only 25 kS/s
3.2 v oC — 1 HFREJ B.DB V
4 trig only - 0 STOPPED

1200 RPM: 320 N-m (~60% Output)

Efficiency = 97% - suspect measurement

RMS Current =119 A (2.69 N-m/A)

Calculated Losses: 900 W Fe; 212 W Cu (97.3% motor efficiency)

22-0ct-04
14:85:52

pkpk (R U 3.781 V
rms(R) 1 1.1859 v
2 ms BlL
.5 Vv DC
trig only 25 kS/s
3 .2 v DC e 1 HFREJ D.BB V
4 trig only 0  STOPPED
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1200 RPM; 420 N-m (~80% Output)

Efficiency = 97% - suspect measurement

RMS Current = 149 A (2.82 N-m/A)

Calculated Losses: 900 W Fe; 1000 W Cu (96.5% motor efficiency)

22-0ct-B4
14:08:42

pkpk (A 4.69
rms (R) 1.493

2ms BuWL
1 v DC

trig only 25 kS/s
3 .2_ v OC P 1 HFREJ B.80 V
4 trig only 0 STOPPED

1200 RPM: 520 N-m (~100% Output)

Efficiency = 98% - suspect measurement

RMS Current =179 A (2.90 N-m/A)

Calculated Losses: 900 W Fe; 1440 W Cu (96.5% motor efficiency)

22-0ct-04
14:12:24

i _ B
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pkpk (R) 5.38 v
rms () 1.790 vV
2 ms Bl
1 v 0OC
trig only 25 kS/s
3.2 v OC i 1 HFREJ B.88 V
4 trig only 0  STOPPED
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1800 RPM:; 68 N-m (~20% Output)

Efficiency = 89%

RMS Current = 50 A (1.36 N-m/A)

Calculated Losses: 1450 W Fe; 110 W Cu (90% motor efficiency)

1800 RPM: 130 N-m (~40% Output)

Efficiency = 93%

RMS Current = 65 A (2.00 N-m/A)

Calculated Losses: 1450 W Fe; 190 W Cu (94% motor efficiency)

1800 RPM: 195 N-m (~60% Output)

Efficiency = 95%

RMS Current = 86 A (2.26 N-m/A)

Calculated Losses: 1450 W Fe; 330 W Cu (95.5% motor efficiency)

1800 RPM: 260 N-m (~80% Output)

Efficiency = 95%

RMS Current = 107 A (2.43 N-m/A)

Calculated Losses: 1450 W Fe; 520 W Cu (96% motor efficiency)

1800 RPM: 320 N-m (~100% Output)

Efficiency = 95.5%

RMS Current = 121 A (2.64 N-m/A)

Calculated Losses: 1450 W Fe; 660 W Cu (96.5% motor efficiency)
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