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L0 INTRODUCTION

This report desenbes research performead on the viatnlity of changing the effectively active oumber of
tums in the stator windings of an mtemal permancot magnet {(IPM) clectne mator to strengthen or weaken
the magnetic ficlds in erder to ophmize the motor’s performance at speaific operating speeds and loads,

Analvtical and sinntlation studies have been complemented with resgarch on switching mechanisms to
accomplish the task. The simulation sdies conducted examine the power and energy demands on a
vehicle following 2 series of standard driving ¢vcles and the impact on the efficiencsy and battery size of
an electrically propelled vehicle when it uses an IPM motor with tom-switching capabilities, Both full
doving evele electne propulsion and propulsion limited starting from zero to a set speed have been
investigated.

1.1 BACKGROUND

Torgue is producad in an electric maching by the interaction of two magnetic fields; one in the rotor and
the other in the stator. The magnitude of the terque is proportional to the product of the magnitudes of the
two magnetic fields, Mast often the stator’s magnetie field 15 produced by electng currents circulatimg
though couls wound around the stator tecth and the roter’s magnetie ficld 13 produeed by cither

{a) rcacton-currents mduced m the rotor — mduction machines, {b) by reaction magnetic poles -
reluctance machines and hysteresis machines. {¢) by reaction eddy currents — eddy corrent machines,

{d} by penmanent magnets (PMs) on the surface or inside the rotor — PM and IPM machings, or {2} by
combinatens of the above. 1n surface-mounted PM machines, the rotor's magnetic field prodoced by the
PMs is essentially of constant magnitude.

As the rotor's magnetie fizld crosses the stator coils, a voltage, also referred to as the back-clectromotive
toree {emi), 15 induced at the stator temunals. The amount of electne current circulating 1m the stator cols,
and thus the strength of the magnetic field they produce, depends on the coils” impedance and the vector
difference between the applicd terminal voliage and the induccd back-cmf.

Below the base speed, the combination of low induced back-emf, low stator inductance, and the need o
keep the stator current below pre-determined safe limits forces the reduction of the effective terminal
voltage below its maxinmum passible value. Since the orgque is propartional to the number of tums and the
magnitude of the current, the maximom torque that can be produced in this operating region is
teaditionally congtant.

As speed increases, the stator coils” impedance and the back-emFincrease. Consequently, for a fixed
voltage machine, the magnitude of the current 1n the coils decreasces with increasing rotor speed, as do the
strength of the stator’s magnetic flux and the cutput torque. When the magnitude of the back-s=mf equals
that of the terminal voltage, the stator’s magnetic field is zero since no current circulates in the coils.
Consequently. no tangue is produced and higher specds cannot be achieved.

Traditional approaches o extend the speed range of PM motors is to weaken the rotor’s magnenic flux as
the speed increases thug decreasing the magnitude of the back-emf and allowing higher electric currents
to circulate in the stator windings. The drawback inherent to this approach is that the linked rotor fisld is
suppressed and additional current and complexity in the drve system and/or stator are needed. [n addition
to the current invested to suppress the rotor's field, extra current is needed to compensate for the
reduction in the magnutude of the rotor’s ficld in order to attain the same torque,



A promusing altemative way to produce more torque in the low-spesd operating region and to extend the
operating speed range is to change the effective number of tums involved in the electrcal-to-mechanical
energy tansformation. Increasing the oumber of turns inereases the torque produced with the same
amount of coreent, which ig of particular interest in the low-speed region. Reducing the effective number
of turns in the stator windings reduces the back-emf without expending siator current 1o weaken the
mapnitude of the linked rotor’s field. Ag a result, higher currents can be reached at a given gpeed with the
same terminal voltage linit. This extends the operating speed region by allowing torque generation at
highcr speeds without having to boost the tenminal voltage.

A motor with the capabihty to change the number of toms continuously 1 cne tum steps for ophmal
performance can be simulated readily but consideration of added cost. complexity, and energy losses
associated with the switches mayv not justify the performance gaing, Tnstead, considering that the stator
coilg are often made with geveral wires bundled wogether and welded at the ends ingtead of a single thicker
wire; the simplest implementation of turn-changing appears ta be by factors of two or more. A factor of
two is the most feasible since it can be accomplished by splitting the wires in each phase, into two groups
and connecting their ends in parallel or in senes to have N or 2N tums per phase, respectively, depending
on the maotor’s speed and load demand. At low specds, having twice the number of turns doubles the
torque for the same currcot hmit and deereases the necd for voltage regulation. At high speeds, swatching
back te the reduced number of active twms reduces the back-emf for the same speed. thus increasing the
speed-range of operation. As shown in this stady, adjustment of the nomber of stator tums op and down
appropriatzly resulis in better performance with better copper and battery voltage utilization over the
whaole range of operation.



2.0 THE SIMULATION

This report presents the mam resvlts obtauned »via simulaton for two vehacles as they follow eight
different standard dnving profiles. Firsthy, as full cleetne vehicles (EVs) wath cleetne propulsion over the
full dewving cyele, named EV | and EV2, and sceondly as hybnd-clecing vehicles {(HEYs) that arc
electrically propslled between the speeds of zere and 20 miles per hour (mph), namsd HEV | and HEVZ.

Vehicles EY1 and HEV | are the same and are fitted with a oypical IPM motor with ning tnms in its
stator windings. Vehicles EV2 and HEV2 are also the same but are instead fitted with a modified
version of the same IPM motor which is capable of switching the configuration of the stator windings
betwaen 1% turns.

2.1 SIMULATION APPROACH

The most practical approach to modeling the performance of a PM motor with saliency is based on
lumpad-parameters and the d-q transformation. The fundamental goveming equatons are

V,=Ri +e L i;+a i, . {la)

V,=Ri,-o, L1, , and (1b)
i

qufrr-ﬁ-j = Eme Iq' [(Lq = Ld) Iu’ + j".-Jr]' {2}

These lumped-parameter equations facilitare understanding the phenomena involved in electromechanical
povier conversion but require the dermination of lumped inductances, resigtance. and flux linkages with
the degree of detail appropriate for the simulation goale. Most challenging is the characterization of
maghetic saturation gince the magnetic Flux paths can vary signhificantly not only with the rotor s position
relative to the rotating field generated by the stator's current, but also with the magnitude of the current.
This cftect is cspecially important in the casc of [PM machines. The prefermed methed to obtain valucs of
the lumped parameters, L. L,, ard 4. as a function of stator magneto-motive force {mmf) is through
direct measurement. Most often though, lumped parameters are obtained by computations using finite
elements and/or semi-empirical calenlations based on geometry | equivalent circnits, and adjustment
Eactors.

The motor's lumped parameters can be expressed in terms of a set oF hypothetical gingle turn values and
the number of tums as follows:

R=RN, . (3a)
Ly=L, N, (3b)
L‘J = L‘” N and (3¢)
A, =4, N, (3d)

Note that Eq. (3a) ig valid when B, 12 independent of N,. When rewining by splicting the original wires
into N, groups and connecting them in senes, & = &, N,E . where R, represents the original stator

rcsistance, then the power equation, Eqg. {2}, in tenns of the number of tums, N, and the per turn
parameters, becomes



3 ‘lm Z
Feomerod =E&I‘, 'I':’[(L‘H _‘{'dl}jd +FI:|Nr : {4)

I

The fundamental relationships for terminal voltage and phage current with their regpective phage angles
referred to the divect-axis (d-avis) are

r r2 r3 V -

v, = JVZer2, tan(ﬁ)zé,and (5)
] k] ",4

f,=4.}f;+f.;, tan(,v}=!,—f. (6)

o

The angle between the current and the voltage 1s then
o=p-y.

Consequently. the power factor is pf = ms(a), and the power input is

3., 3, .
‘,::rrpwr :Eia‘rr ms{a)zi(;d‘ru +P=;Iq)- {7)
The efficiency is then
F, -F P +2 _+P
Eﬁﬁfﬂﬂﬂ;}’ — cmetar T e . rhmEe _ s Fst il X {E}
‘Dmpv-lr -P.HPW

where the ohmic losses and the bao componcnts of the magnetic losscs, hysteresis and cddy current, arc
. 1
given by

P, =RI’, (%)
P.=kB. oM, . (9b)
P =km3w‘“’m: M. (9¢)

wherz

B p Toprosents the average magnetic flux density, in Tesla, crossing the gap,

& represents the electncal fraquency in rad/s.
ks = 5. 80E-3 W/Ib/T™,

wh=193,
Frons = 9.30E-6 WAL T,
mne =20 angd

M _is the mass of the stator in 1b.

The focus of perfonmance optimization can be on power output or on efficiency. For automotive
applications 1t sccms appropratc to focus on officicncy. In this study, at cvery time step of a dnving



cycle, the number of stator tums that produced the maximum electric motor efficiency was selected. The
simulation was implemented and the calculations performed numencally with LabVIEW s programming
enviranment.

2.2 MODEL DESCRIPTION

The simulation includes a vehicle model that computes the road propulsion power; i.2.. the power at the
vehicle's tire-road contact needed to follow a specified speed vs. time driving profile, subject to wind
speed, and road slope perturbations. To facilitate comparison with other studies, it was assumed that the
vehicles fraveled over level ground withoot climatic wind. Power transmission losses between the prime-
mover’'s output axle and the ures were added to determme the pawer demand that must be delvered by
the vehicle’s prime-mover. In our EV] and EV2 vehicles, the prime-movers are IPM electric motots with
9 and 9-18 stator fom windings, respectively.

To mods] the performance of a IPM motor. the standard d-q transfonmation approach described in

Egs. {1-9) above was followed. By making the values of £, L, and A, dependent on the value of the
stator’s mmf N4 to aceount for the effects of saturation, and alse dependent an the number of turns
chosen, the [PM simulator allowed changing the number of effective stator turns at will. At every time
step the optimal voltage, electneal current, and control angles needed to meet the power demand with best
efficiency were computed for each of the set of stator turns desired. The number of tums vizldmg the best
efficiency was selected and the corresponding power level, voltage, current, and control angle
charactonistics became the demand for the inventer. A model of the inverter and cabling losses computed
the power demand for the battery. The wtal power demand on the battery at sach time step alse included
the batteny’s losses.



3.0 DRIVING CYCLE ANALYSIS OF THE REFERENCE VEHICLE
WITH AN IDEAL PRIME-MOVER

In order to establish a base for evaluating the desirability of any particular prime-mover. the demands a
reference vehicle will pose to its prime-mover on different drving cveles were investigated. Figure |
summanzes the pertinent mechanical charactenistics of the reference vehicle.

Vehicle_Mass

sEo kel JRAT|mA2 {010 Jkgma2
Occupant_Mass Drag_Coeff

GearRatio

la 0.25 |kgmaz

TransmissionPowerLoss_WperRPM|

035

Fig. 1. Characteristic parameters of the reference vehicle.

Table | lists the main characteristics of a set of eight driving cyeles preloaded in the simulation program
developed for this study. These drving cveles consist of speed vs. time histonies and are shown
graphically in Appendix A In the simulation program. the uscr can select one or more from among the
listed cveles. create a custom cyvele. or perfonm studies of vehicles operating at constant speed.

Table 1. 1D momber and name assignment, distance in miles, duration in seconds, maximum speed in
mph, and number of intermediate full stops for the driving cycles analyzed

Cycle Numbering  Distances| Duration| MaxSpeed| #of Stops|

The amount of energy needed for propulsion and for braking depends not only on the driving evele, road
slope, and wind but also on the vehicle characteristics. Figures 2(a) and 2(b) show the total energy that the
reference vehicle delivered at the tire-road interface in absolute terms and normalized with the cvele
distance. respectively. in order to fully run each of the cight drving cveles over level ground and without
wind. The gallons of gasoline and miles-per-gallon (mpg) scales have been produced using the raw



energy content of gasoline: 32 M¥iter = 121 Ml gallon: Conseguently. the range between 140240 mpg
shown in Fig. 2(b) correspond to that which could be maximally attained by the vehicle with a prime-
mover that converted the fuel’s chemical energy to mechanical energy with 100% efficiency. For
instance, the reference vehicle will not be able to do better in the US06 cvele than the 145 mpg it takes
with an ideal engine. When the actual efficiency of the engine is considerad. all mileage values in

Fig. 2(b) will be significantly lower.

gal| M1 Propulsion Energy_Demand| mil/gal] M3/mi| Propulsion Energy per unit distance |
0.058 - T_I ' 142~ 0.85- T
LI R & 160~ 0.8
0.04- 5 0.75
' - o
o03- 47
3- ! 200~ 0.65
7 0.6
ﬂ.ﬁl' 1 F m_ n 55 T T T
O n |
o- 0- f | 242 QO.5- | | | I
1 2 3 4 5 B 7 8 1 2 3 4 5 B T 8
! Cyde # 2 Ctydex
Mifgal [ 4 |67 ][33 % Jo7 |11 |e7|52] H;icd [0.54 |[0.65 059 |[0.59 |0:57 |[0.51 |[0.83 [[0.84 |
L2 il iR D b R A R LAE el
{a} Full cycle energy and gallons, (b) Average encrgy per mile and mpg,

Fig 2. Road propulsion energy and gasoline equivalent needed for each driving eyele,

Note that 1f the pnme-mover 1s an electrical motor, even if the motor converted electrical energy to
mechanical energy with 100% efficiency. the mpg will also be significantly lower than those in Fig. 2(b),
because of the losses involved in gencrating, storing, and retrieving from the battery the eléctrical encrgy
it uses. Hybrid vehicles that use the engine to generate the electricity have gasoline-to-electrical
equivalencies between 27-38% of the ideal value. When the actual efficiency of the motor is considered,
the mileage values are proportionally lower than 27-38% of the values shown in Fig. 2(b).

3.1 BRAKING ENERGY

Among the significant charactenstics of the components of a driving cvele are the amounts of time the
vehicle spends idling, coasting, and braking. Braking periods are intervals of time during which the
vehicle speed is reduced at a rate such that its reduction of kinetic energy is larger than the combined
energy losses due to air-drag. tire rolling resistance. and mechanical power transmission.

The potential for regenerative braking depends on the vehicle and on how it 15 dniven. Figure 3 shows the
energy needed for braking, expressed in terms of per cent of the total propulsion energy shown in

Fig. 2{a). As Fig. 3 shows, it 1s more appropriate to consider regenerative braking for doving eveles like
New York Citv's where 46% of the energy invested for propulsion is used in braking, than for the Federal
Highway Driving Cyvele (FHDS) which uses only 8% in braking.
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Fig. 3. Percent of total propulsion energy used for braking in each driving cyele.
3.2 POTENTIAL PRIME-MOVER OFF TIME

A prime-mover with the capability to be reliably tumed ON and OFF almost instantly. as for electric
motors. has the advantage over present technology combustion engines of consuming zero power during
idling, coasting; and braking penods. Coasting periods are intervals of time during which the vehicle
speed 18 reduced at a rate such that its change in Kinetic energy equals the moving losses

Figure 4 shows the percent of time the prime-mover could be turned fully-OFF for each dniving evele:
i.2.. the percentage of time the vehicle is idling, coasting, or braking. The OFF-time penods range from a
low of 10% for FHDS to a high of 68% for the New York City Truck evele (NYCT). The OFF-time
indicates the fuel penalty incurred by pnme-movers. hke combustion engines, that run continuously at
idle or higher speeds even when no propulsion power is required.
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Fig. 4. Percent of time the electric motor in the reference vehicle ean be OFF for each driving eyele,
3.3 COMBUSTION ENGINES VS, ELECTRIC MOTOR AS PRIME-MOVERS

The energy savings associated with motor-OFF periods and energy gains possible with regencrative
braking, give electric drives a clear advantage over combustion engines. In addition. mechanical
transnussion losses can be significantly reduced with electric propulsion by placing the traction motors
dircetly on the wheels



However, for periods in which mechanical energy is needed at the tires for propulsion, a combustion
enging may be more efficient than an electric motor. The engine teansforms chemical energy in the fuel
direedy to mechanical enerpy, while the electric motor involves an intermediate step of converting the
fuel’s chemical energy to electricity.

The electric motor advantage as a prime-mover will be greater for driving cycles with long OFF-periods
and with ligh regencemtive braking cnergy potentials (sec figurcs in Appendix A).

The best optien may be a HEY in which propulsion 15 produced almost exclosively by an engine thal 1s
twmed OFF during non=propulsion perods. Wheel-mounted motors would perform regenerative braking
and provide enging OFF-QON transition power and emergency propulsion.



4.0 EVALUATION OF FACTOR-OF-TWO TURN-SWITCHING FOR
A BASE IPM MOTOR WITH NINE STATOR TURNS

The electrical characteristics of the base reference electric motor are shown in Fig, 5. Note that the
number of tums is 9, the maximum current is 212 A. and the voltage limit is 250 V.

Electric IPM Motor data |

_ LambdaPM|
10,0489 Ohm | :-’D.!-H]i ¥s |

_L_direct . _Lg I
o 0,951 mH|  11.4131 mH |

Fig. 5. Characteristic parameters of the base electric IPM motor.

Switching the turns of the reference motor by a factor of 2 implics switching between 9-18 turns,
Operation with |8 tumg can be attained by grouping the wires in each phase into 2 bundles and
connecting their ends in senes. To operate with the onginal nine turns. the two bundles are connected in
parallel. While operating with |8 tums. the motor’s ohmic resistance and inductances are 4 times larger
and the rotor-hinked flux is twice as larger as that of the base 9-turn values shown in Fig. 5. The names
EV | and EV2 are used to refer to the vehicles using the base 9 turns and Y=18 switchable tums IPM
motors as prime-movers, respectively. When the IPM motor in vehicle EV2 operates with nine tumns, then
it is identical to vehicle EV1.

4.1 EV FOLLOWING STANDARD DRIVING CYCLES
Appendix A shows the dnving cveles color coded according to the performance of EV 1

Table 2 shows the ime n seconds that the pime-mover failed to supply the full amount of power
required, the energy deficit, the ime it was turned OFF, and the time it performed as required for each
driving cvele and vehicle. It shows that EV failed to follow the speed profile for time lengths between
243 seconds during five of the cveles: numbers 3, 5, 6. 7, and 8. The energy deficits ranged from a
neeligible 0.03% to a significant 3.69% of the total cyele’s energy demand. In the US06 cycle, the fixed-
tum-motor failed over 7% of the total cvele time. which cormesponds to 10% of the time it was running,
and failed to dehver 3. 7% of the energy demanded by the vehicle. This LIS06 cvele failure 1s analvzed in
Section 4. 1.1 in more detail.

As Table 2 shows. the 918 tum-switching-motor in vehicle EV2 never failed o provide the full power
demanded 1n any cvele.

1t



Table 2. Time in seconds the prime-movers in EV1 and EV2 failed to meet the power demand, EV1's eoergy
deficit in percent of cycle total, total time the prime-mover was OFF, and time the prime-movers
succeeded in supplying the vehicle®s demand for each driving cyele

Cycle Driving Failed Time OFF Success Time
1D Cycle 5 Time §
# E¥l|  Ev2| s Evl| Evz|
i | 4
#1J [ oo | [ 565 T [505 ] [50s]

(2

ﬁ4 1 [691 | f601 |

z 0 s1a | I s20 | [s22)
0 0 447 | [ 714 | [ 714 |
T 1§ o | 323 § | 236 | 743 }
I 4 | I L
3 | | 0 182 | | 377 |
#8 | s |9 st | |3m]

Mote that the power and energy demand averages shown in this study were computed over the amount of
time the motor was actively generating torque (see Table 2.) 1f we computed over the cvele duration time
in Table 1. the values shown for average power and energy demanded from the battery would decrease
proportionally to the ratio between the two time references.

4.1.1 Performance Comparison of Vehicles EVI and EV2 on the US06 Cycle

Figures 6(a) and 6(b) show the terminal voltages for EV | and EV2, respectively. as a function of time for
the US06 driving cvele, It is clear that the turn-switching-motor in EV2 makes better use of the available
250 V. The wrn-switching-motor requires less voltage regulation, places fewer switching demands on the
electronic power drive, and therefore has better efficiency .

mu'--iwmﬁuu'l
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(4) EV1’s nine-turn IPM muotor, (b} EV2's 9-18 turn-switching IPM motor.,

Fig. 6. Terminal voltage for the US06 eyele.

Similarly, Figs. 7{a) and 7{b) show the stator current for EV 1 and EV2, respectively, as a function of time
for the US06 driving cvele, These figures show consistently lower current levels for EV2 with the tum-
switching-motor, which reduces ohmic losses and cnables it to meet all power demands without ever
reaching the 212 A maximum limit,
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(a) EV1’s nine-turn IPM mator. (b} EV2's 9-18 turn-switching IPM motor,

Fig. 7. Stator current along the USO6 cyele.

Figures 8{a) and 8(b) show the efficiency of the motor in ¢ach vehicle as a function of ume for the USO6
driving cvele. There is a clear efficiency advantage of over 2% for the motor with tum-switching
capability at most times.
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(a) EV 15 nine-turn IPM maotor. (b) EV2% 918 turn-switching IPM motor.

Fiz. 8. Efficiency of electrical-to-mechanical conversion along the US06 Cycle.

Figures 9(a) and Y(b) show the efficiency of the remainder of the electncal components m each vehicle as
a function of velicle speed There 15 a clear gain of efficiency in the electrical system of vehiele EV2,
with the highest gains at low speeds. For instance. at 20 mph the overall electrical system efficiencies are
about 73% for EV1 and 91% for EV2 for a net gain of 16%.

I—h&nﬂﬂmuﬂyq‘ﬂhﬂ Elisetinag fis, naluu-y Calliveg Ve Speed | 9 18- by !Irlcueqr:r ol Posger Fhisctparias s, Wak bisry, Calslissg Vs Speesl |

Baltery |~
Cabling |-
AR

=E

| il 1] | N
I'Iﬂ- II.I.II ?IID'.HI.. ﬂ!l‘lmﬂ“ TII.IT HB‘J LR TILER EL TIEREE ARL SR R e AR

Speeed  od | Speed  mich
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Fig. 9, Efficiency of power electronics (PEs), battery, and cabling vs, speed for the USO6 cyele,
As summarized in Table 3, the overall inerease in full vehicle efficiency for the US06 Cyele is 6% when

the tum-switching-motor is used: that is vehiclé EV2 has 6% higher efficiency than vehicle EV1 on the
US06 cvele.
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Table 3. Summiary of savings achieved by stator turn-switching
(maximum and minimum valaes for each column are shown in bold face)

EV 0-20 mph HEV
Vehicle Energy and Power Savings Vehicle Energy and Power Savings |
| Figure # =2 190 21a 27b 16 29 371a 30 31h
%% % Y% %
kJoule % Enemgy | Peak Power Energy Fower
Cycle Name | (kJ)/mile | Energy | Relative Relative kd Relative KW | Relative
FUDS 119 6.4 12.6 16.3 32 22.4 4.3 18.3
FHDS 28 2.8 36 13.5 34 23.4 < 22
HDV-FUDS 14 5 8.5 17.3 24 131.5 2.5 16.1
New Europe 62 4.3 7 5.1 56 15.1 2.9 14.2
NYCity 265 8.4 26.9 19.6 32 21.3 5 18.7
NYCity Truck 175 6.3 16.7 17.3 38 17.1 9.1 38.9
usoe 63 3] 104 INC INC INC INC INC
Uso6 _hwy 43 3.7 .1 INC INC ING INC INC

Mote, INC stands for Incomparable, because the base molor failed to fully satisfy the demand.

The motor’s output torque as a function of vehicle speed for the USD6 cvele is show in Figs. 10(a) and
10{b). The points above the 500 Newton meter (Nm) torque level shown in Fig. 10(b) that are missing in
Fig. 10(a} comespond to instances m which the standard motor failed to fully dehver the power demanded
bv the vehicle,
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(a) EV1"s nine-turn IPM motor., (b) EV2's 9-18 tum-switching IPM motor,

Fig. 10, Output torgue as a function of vehicle spead for the USO6 evele,

For completencss, the components to the reference yehicle's force demand on the tires are shown in
Fig. 11 in logarithmic scale. Multiplving by the vehicle’s speed in m/s will vield the propulsion power
demand in W. These forces are common to both EV 1 and EV2 vehicles.
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Fig. 11. Breakdown of forces on the prime-mover’s axle from rolling resistance, linear and rotational
acceleration, air resistance, and transmission loss for the US06 cyvele.

Figure 11 shows the dommance of the acceleration components durnmg acceleration penods, the
importance of air resistance at high speeds, and the constaney and importance of the rollmg resistance at
all times which. below about 40 mph and in the absence of accelerations, exceeds all others.

4.1.2 Analysis of EV1"s Failure to Perform on the US06 Cycle

Figures 12({a)-{d) show various parameters as a function of time for vehicle EV 1 on the full USO6 cvele.
first minute detanls, and midpoint details. Respectively, these parameters are vehicle speed. motor power
demand, power output, terminal voltage. and stator current, The stator current curves i Fig, 12{d) clearly
show that the times of failure coincide with instances when the motor attempted to draw more current
than the allowed maximuom limit,
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Fig. 12{a). Failed zones, colored red, of EV1 on the US06 eyele
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Fir. 12(b). Power demand and supply for EV1's nine=turn motor on the US06 cycle.
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Fig. 12(d). Stator current for EV1’s nine-turn motor on the US06 cvele.

Figure 12(c) shows that the voltage remained below the limit of 250 'V for the duration of the cyvele. Only
once around the 300 second point did the voltage get within 2 V of the limit at a time when. as seen in
Fig. 12(d). the current reached the 212 A linut.

Consequently, in order to fix EV17s performance problem. the current limit must be increased or more
torgque must be produced with the same amount of current by switching to a higher number of tums It is
clear though that voltage boosting will have no impact in this case sinee, as shown in Fig. 12{c), the
available voltage 1= not being fully utilized at the critical times.

Mote that the black zones in the voltage graphs of Fig.12(c) correspond to the back-emf genecrated by the
rotor’'s PMs by the rotor as it turns. This voltage depends on the speed of the rotor and the number of
tums in the stator.

Also note that in Fig. 12(b) the black-colored areas are negative power and represent the amount of active
braking power required by the vehicle. which in tum indicates the amount of energy available for
regeneration and recharging the batterv.

4.1.3 Effect of Magnetic Saturation on the Computation of Vehicle Performance

The magnetic permeability of the iron used in the stator and rotor of an electric motor is not necessarily
uniform since it depends on the strength of the local magnetie field. In a mathematical simulation. the
simplest approach 15 to treat the magnetic permeability as a constant. A better approach is to model
magnetic saturation as mathematically detailed as possible. Like the d-g model used in our simulation.
Egs. (1-9). in parametne models a common approach is to modify the value of pertinent model
parameters with the strength of the stator’s mmf. which equals the magnitude of the product of the stator
current and the number of turns. Except for the case in Fig. 13(b). saturation has been included in all
computations included in this study,
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Fig. 13. Failure zones for EV1 in the US06 cyele due to the mine-tum motor,

Often, as shown in Figs. 13{a) and 13(b), neglecting saturation over-estimates the performance of an
clectric motor. The total red-colored arca. indicating failure of the motor o supply the requested power, is
significantly smaller in Fiz, 13(b) without saturation. than in Fig. 13(a). which includes saturation effects.

4.1.4 Comparison of Battery Power Requirements for EVI and EV2 Vehicles

Figures 14, 15, and 16 shows imformation pertaining to the peak and average power demanded from the
battery of EV1 and EV2 in cach driving cvele

To facilitate comparative analyvses of the performance of the two motors, some figures are accompanied
bv a (h) plot without crossed-out lines over EV 1 's data. In these cases. the (a) plot denotes raw data while
the (b} plot denotes filtered data. Filtered data eliminates from consideration those cycle segments in
which the motor of EV1 failed to meet the power demanded by the vehicle. thus giving the two motors a
proper basis for companson; but the cyeles are not complete. Consequently, corrected figures — with a
{b} plot without cross-outs — should only be used for comparative analyvsis between the two motors

The information in Fig. [4{a) corrcctly indicates that for cvele #7 (US06), the peak battery demand for
EV2 is 120 kW, while for EV1 it is about 104 kKW, but it would be erroneous to conclude that turn-
switching would require a larger battery for this cvele, sinee it is lower because it failed to meet the
vehicle's peak demand. The corrected data in Fig. 14(b) mstead shows that, during those cycle segments
where both motors fullv met the vehicle’s demand. the power demands for both motors appear to be
similar, with a peak value of about Y5 kW,
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Fig. 14. Peak and average power demand on the battery for EVI and EV2.
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Fig. 15, Peak/average ratio of battery power demand for EV1 and EV2.
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Fig. 16. Percent change of peak and average hattery power demand velative to hase motor
(adjusted for failed perinds),

Figures 15(a) and (b) show the ratio of peak-to-average power demand on the battery for EVI and EV2 in
each driving eycle. The power values in Fig. 15(a) are correct for EV2 but incorrect for those cyveles in
which EV failed to meet the demand. Figure 15(b) shows that the corrected peak-to-average ratio is
better for EV2 in five of the eight cycles — numbers 1, 2, 3, 5. and 6; is similarto EV1s in cyvele 24, New
Europe: and 1s shghtly worse for both US06 eyveles. numbers 7 and 8.

Figure 16, derived from data in Figs. [4(a) and 14(b). shows the relative change in peak and average
battery power demands for EV2 in percent of the values for EV 1 where both met the same demands. The
improvement in peak and average demands vary significantly with the driving cycle. According to

Fig. 16, the peak batterv power demand for EV1 1s between 5-19.6% higher (i.¢.. worse) for six of the
eight driving cveles analyzed. and appears to be the same for the two US06 cyeles. numbers 7 and 8.
because of the elimination of the regions in which the motor in EV 1 failed. The average battery power
demand 15 lower for EV2 for all eveles, improving from about 3.53% for the FHDS #2, to about 17 4% for
the New York City cvele (NYCC) #5,

The improvement in average power demand in all driving cycles is important since it quantifies the
reduction in enerey demand. Thus, from Fig. 16 we can conclude that with the tum-switching-motor
savings of between 5.1-19.6% in battery size depending on the driving cvele can be achieved when the
battery is peak-power-bound,

4.1.5 Comparison of EV1 and EV2 Battery Energy Storage Requiremenis

The total battery capacity required for cach doving cyvele 1s shown in Figs. 17 and 18 in absolute energy
and in energy per mile units, respectivelv. The total encrey demand is the sum of the propulsion cnergy
demand, previously shown in Fig. 2(a), and all losses associated with the generation of propulsion energy
via the batterv-cabling-inverter-clectric motor system. US06 is the cvele requiring the most energy from
the battery but it is also one of the longest eveles. In terms of per unit distance. the NYCC requires the
most energy and the largest battery whose size depends upon the product of the speerfied range and the
energy per mile,
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Fig. 17. Total battery energy demand with ideal propulsion with EV1's 9-turn motor and
with EV2's 9<18 turn-switching motor.
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Fig. 18. Average battery energy demand per mile with ideal propulsion with EV1's 9-turm motor and
with EV2's 9-18 turn-switching motor.

Figures 19(a) and 19{b) show the difference in battery energy demand between EV2 and EV ] whose
absolute value 15 the energy savings obtaimed by replacing the fixed 9-turn IPM motor with 1ts Y- 18 wrn-
switching version. The savings vary from about 30-270 kJ per mile. with the highest reduction in battery
energy demand corresponding to NYCC #3,
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Fig. 19. Change in average battery energy demand with the =18 turn-switching motor,
4.1.6 Comparison of Overall Efficiencies of EV1 and EV2

The overall system efficiencies from battery to road surface are shown in Fig, 20. The overall efficiency
varies significantly depending on the driving cycle and motor, ranging from about 32% for the NYCC #3,
to 82% for the FHDS #2. Efficiencies are higher for EV2 in all cycles in spite of the over-estimation of
efficiencies for EV1 on those cyveles in which its fixed-turmn-motor failed to supply some of the peak
demands.
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Fig. 2. Overall efficiency from battery to road for EV1 and EV2,
The efficiency gains obtamed by using the turn-switching instead of the base motor are shown n

Figs. 21{a) and 21{b). Figure 21{a) shows a net efficiency gan of between 2.8% for the FHDS cvele #2,
and 8.4% for the NYCC #3, Figure 21(b) shows that EV2, the vehicle cquipped with the 918 turn-
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switching-motor. 15 between 3.6-26.9% more efficient than EV 1. the vehicle equipped with the traditional
Y-tumn version.
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(a) Absolute net efficiency. (b} Relative to efficiency of EV1.

Fig, 21, Change in overall efficiency from battery to road with 9-18 turn-switching.
4.1.7 Impact of Turn-Switching on EV’s Battery Size and Cost

Battery size is determined by the total energy and peak power demands of the vehicle svstem and by the
capabilities and price of the battery technology selected. Power deliverv requirements set the minimum
battery size. while the energy storage requirement, which depends on the travel range without recharging,
determines the actual battery sizes above the minimum.

For this studv we considered the reference vehicle to be outfitted with a battery that meets the US.
Advanced Batterv Consortium’s minimum goals for EV batteries®, 50 W h/kg, 300 Wike, and 150
$KW b, which imply costs of 223 $/keg and 75 $/kW, Note that batteries cannot be discharged fully
without reducing their lifespan. Presently, 20% 1s the low-charge hmit for “deep-discharze™ battenes so
that. at most. #0% of the stored energy can be discharged routingly, The sizing values shown below are
based on ideal 100% discharge of the battenies: consequently, actual values will be larger. For instance.
for an 8% discharge limit. the weights and costs would be 25% larger than shown

The power demand depends on the driving evele type but not on the number of times the cvele length is
driven to cover the vehicle’s range. Figure 22 shows the minimum battery size and cost for each driving
cvele considered. As indicated by the caption below. the weight and cost axes of this figure was obtained
from the peak and average power demand data of Fig. 14{a) by dividing them by 300 W/kg and
multiplving by 75 $ kW, respectively,

As Fig. 22 shows. on account of peak power and average power demands. the US06 evele would require
the largest battery, For EV2, the battery would be about 400 kg if sized for peak power and 80 kg if sized
for average power, at costs of about 89,000 and 51,800, respectively, For EV 1, the sizes will be higher but
it cannot be inferred exactly from Fig. 22 for those cyeles marked with the red X in which the motor
failed to follow the demands.
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Fig. 22, Battery power demand, weight, and cost per mile for EV1 and EV2,

To determing the range of the vehicle with a panticular battery size, the energy per mile demanded by
each cycle must be considered. To this end, Fig, 23 shows the energy demand and associated battery
wetght and cost in per-mile scale to facilitate comparative analyses among the cveles and vehicles. In
addition to showing the values tor EV 1 and EV2, the values for an ideal prime-mover are included in
order to show the lowest possible battery sizes and costs for each dnving cyvele.
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Fig. 23. Average EV battery energy demand, weight, and cost per mile with ideal hase 9-turn motor and
9-18 turn-switching motor prime-movers,

For the velucle with the ideal prime-maover, the range of energy demands goes from 051 MY mi for the
NYCT #6. to 0.84 MJ/mi for the USO6 Highway cvele #8. The corresponding weights and costs range
from 0.954 kg/mi1 and 2142 $/mi to 1.57 kg/mi and 35.28 $/mi. Note that with a tvpical value of

40 M gallon corresponding to a 33% efficiency for the process of electrical enerey delivery by the
batterv generated with a gasoline engine. the ideal range of 0.51 MJ/mi to 0.84 MJ/mi translates to
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0.01275 gal/mi te (1.021 gal/mi or 78 4 mi/gal to 47 6 mi/gal. This is intcresting because these values for
the wdeal 100% efficient pnme-mover are so close to the federal fuel economy standards goals of
exceeding 40 mpg by the vear 2015 and 55 mpg by the vear 2023 that it is clear that improving the
efficiency of the prime-mover itself may not be enough. There will be a need to reduce the energy
demand by reducing air-drag and tire-rolling losses and improve the efficiency of generating electricity
with the primary fuel to better the 33% tvpical nowadays. Note that increasing the efficiency of the
combustion engine will have a doubling effect by improving both the prime-mover and the electncal
generation efficiency.

Figure 23 shows the worst doving case with both electne motors 15 that of NY CC #5 with per mile
requirements of 1.71 MI and 3 2 kg batterv. costing 872 for EV]. For EV2. which is equipped with the
tum-switching-motor, a smaller battery 18 needed weighing 2.7 kg/mi and costing $60/mi for the same
NYCC #5. Figure 23 also shows that EV2 has its best performance when running the FHDS #2, with
requirements of (.79 MI/mi and battery of weight 1 48 kg/mi and cost of 33 $/mi.

Note that Fig. 23 shows that for the ideal-prime-mover. the US06 cvele numbers 7 and 8 have the highest
battery requirement mstead of the NYCC #3. This makes it elear that the electric motors did not run
cfficiently at the low speeds of the NYCC. For this evele. the vehicle’s wheel4o-rotor gear ratio should
be merecased above the 4.1 14 value shown in Fig, | in order to operate the [PM motors at higher speeds
where they are more efficient. This illustrates the need to tune the link between the prime-mover and the
vehicle in order to optimally match the prime-mover’s performance to the dnving cyvele’s demand.

4.1.8 Vehicle Range with Minimum Battery Size Required for Power Delivery

The ranges of the vehicles EV1 and EV2 when fitted with the minimum battery size needed to fulfill the
power demand on each evele are shown in Fig. 24 and were obtained by combining data in Figs. 22 and
23, For instance, the vehicle EV2 with the 400 kg battery needed for the peak USD6 cyvele power will
have a range of 160 miles, which amounts to a distance equivalent to 20 full USO6 cvele lengths.
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Fig. 24. Range of vehicle with the battery sived to meet the cycles” power demand when confignred with the
hase 9-turn and the 9—18 turn-switching motors.



The battery size and cost for a specific travel range can be directly computed from data in Fig. 23 by
multiplving the axes labeled “kg/mi™ and “$/mi” by the desired range. If the battery 1s sized for a travel
range smaller than the value shown in Fig. 24 for some driving evele, then the vehicle wall not be able to
fully follow thar particular evele.

Mote when the travel range desired is larger than the values in Fig. 24, then battery sizing is “energy”
bound: otherwise. the battery sizing is “power” (discharge rate) bound. Thus. comparing the miles in
Fig. 24 to the distances of cach cvele in Table 1. it can be concluded that for runs of'a smgle cyele length,
the battery is “power-bound”™ for all eight cveles considered.

4.1.9 Difference in Battery Size Required by EV1 and EV2

This seetion shows the improvement in battery 2ize when the tumn-switching-maotor is used. The gains are
shown in absolute and relative terms of weight and cost. Absolute zains are computed by taking the
difference between the needs of EV2 and EV 1. The relative gains. in percent terms, are obtained by
dividing the absolute gains by the values of EVL

When the battery sizing 1s power-bound. Fig. 23 shows that the highest absolute gains in peak battery
power correspond to both the Heavy Duty Vehicle Federal Urban Driving evele #3 (HDV-FUDS) and the
NYCT #6_ with peak gains of 9.6 kW_ 32 kg and $720. Note according to Fig, 24, for EV ] power-bound
for these two cyeles means that the driving distances are shorter than 100 and 72 miles, respectively.
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Fig. 25. Change in battery power demand, weight, and cost using the 9=18 turn-switching motor.,

Figure 23 also shows that the highest absolute gains in average battery power requirement correspond to
the NYCC #5. with gans of 1.35 kW_ 4.5 kg and $101.

When the battery sizing 15 energv-bound, Fig. 26 shows that turn switching benefits the most when the

vehicle runs the NYCC #5, with per-mile savings of 265 kJ, (0.5 kg, and $11. For a 100 mile range. the
savings in battery cost will amount to $1,1235 while saving over 50 kg in weight,
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Change in per mile Energy, Weight and Cost by Using 9,18 Turn Switching
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Fig. 26. Change in battery energy demand, weight, and cost per mile using the 9-18 turn-switching motor
instead of the base 9-turn motor for propulsion.

To illustrate the driving-range effect. we compare the two vehicles subject to FUDS #1 tvpe driving, for
50 and 100 mile ranges. As shown in Fig, 25 for the 30 mile range. the battery is power-bound and the
battery savings with the tum-switching-motor amounts to about 27 kg and $6000; while for the 100 nule
range. the battery is energy-bound and the savings depend on the distance: which according to Fig. 26
will amount to 22 kg and $300.

In percent terms, the benefits of turn switching in battery cost and weight also depend on whether the
battery is power-bound or energy-bound. For the energy-bound case, the gains are the same as shown in
Fig. 21(b} for overall efficiency: they vary between 3 8% for FHDS #2 driving and 27% for NYCC #3
driving. For the power-bound case. the gains are those shown for peak power in Fig. 16: they vary
between 3% for New Europe cvele #4 driving and 19.6% for NY CC #5 driving.

The positive impact of the tum-switching-motor on the peak-to-average power demand for EV | and EV2
15 shown in Fig. 15(b). A reduction in the peak-to-average power ratio not only reduces thermo-
mechanical stress, but when the battery sizing 1s power-limited it also reduces battery weight and cost.

4.2 HEV FOR STANDARD DRIVING CYCLE STARTS

Some hvbnd vehicles use the electnic motor to accelerate from zero to a set speed. at which time the
internal combustion engine starts and fulfills all or part of the power demand. In order to assess the
impact ot turn switching on these hybnds, the performance of the two reference vehicles EV1 and EV2
renamed HEV1 and HEV 2 respectively to prevent confusions when presenting the results. during the
initial starting periods of the same eight driving eveles shown in Table 1.

4.2.1 Battery Energy and Power Requirements for HEV1 and HEV2
In the Figs. 27 and 28. the values for HEV on the two USDG evcles are shown crossed oul because it

failed to fully meet the vehicle's demand and thus they do not represent the USU6 eveles. The tum-
switching-motor i HEV2 fulfilled the demanded power on all eveles.
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Fig. 27. Energy required for HEY from 0-20 mph for each excle’s initial start.
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Fig. 28. Peak power required for HEY from 0-20 mph for ¢ach cyele’s initial start.

Figure 27 shows the energy demanded from the battery by the reference vehicle fitted with an ideal
prime-mover and for the two HEVs at the start of cach evele. As Fig. 27 shows, the New Europe evcle #4
demands the most enerey from all three vehicles. Figure 28 in turn. shows that the two US06 cycles #7
and #&. demand the most power during the 0-20 mph starting period.

4.2.1.1 Change in HEV battery energy and power needs with turn-switching
Figure 29 shows the difference in battery energy demand between HEV2 and HEV L. Their absolute
values correspond to the reduction in energy demand associated with the replacement of the 9-turn motor

with its Y-1¥ turn-switching version. The savings range from about 24 kJ for the HDV-FUDS #3_to 56 kJ
for the New Europe cyele #4.
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Fig. 29. Change in encrgy required for HEV from 0-20 mph with the turn-switching motor.

Figure 30 shows the difference in battery power demand between HEV2 and HEV | . Their absolute values
correspond to the reduction in power demand associated with the replacement of the 9-turn motor with its
O—1 8 tum-switching version, The gain ranges from about 9 kW for the NYCT #6. 1o 2.5 kW for the HDV-
FUDS #3.
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Fig, 30. Change in power required for HEV from 0-20 mph with the turn-switching motor.
Figures 31(a) and 3 1(b) show the percent change in batterv energy and power demand between HEV ] and
HEV2. respectively. The gain in energy with the tum-switching-motor ranges from 13.3% for the HDV-

FUDS #3. to 23 4% for the FHDS #2 as indicated in Fig. 31{(a). In Fig. 31(b). the gain in power ranges
from about 14.2% for the Mew Europe cyvele #4. to 38.9% for the NYCT #6.
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Fig. 31. Percent change requirement for HEV with tum-switching motor from (0-200 mph.
4.2.1.2 Impact of turn-switching on battery size and cost of HEVs
The battery weight and costs shown in Fig. 32 for energy-bound and Fig. 33 for power-bound
designs were obtained by incorporating into Figs. 27 and 28 the reference battery’s specific values® of

150 W hike, 300 Wke and 225 $/ke.
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Fig. 32. HEV battery size and cost based on energy required for 020 mph start,
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Fig 33. EV battery size and cost based on power required Tor 0-20 mph start.

In Figs. 32 and 33, comparison of the values on the mass axis shows that the battery size for this kind of
HEV is determined by the power demand. According to Fig. 33, the smallest battery weight is 47.4 kg
with a cost of $1.067 tor the HEV2 for HDV-FUDS #3 dnving. The largest battery needed in the HEV2 1s
for US06 cvele #7 driving with a weight of 190 kg at a cost of $4.275. Considering the corresponding
energy capacity values in Fig. 32. the 190 kg battery will allow HEV2 up to 770 starts of USU6 dnving
stvle. In view of the data m Fig. 33 for all six other cvcles. the battery requirement for HEY 1 on the USO6
cveles will undoubtedly be higher than for the HEV2, Since HEV 1 could not accomplish the USO6
cveles, their data are inaceurate: therefore, to assess the impact of urn-switching on HEV battery size and
cost only the results obtained for eveles 1-6 can be used.

Figure 34 shows the change in battery size and cost for the reference HEY when the turn-switching-motor
is used instead of the fixed nine-tum base motor: i.e.. the values for HEV2 minus the values for HEV L
This figure is the same as Fig. 30 but with the battery data incorporated and the incomparable US06 data
suppressed, The biggest savings occurred in the NYCC #6, with 30.3 kg and 5682 reductions. The
minimum savings are for the HDV-FUDS #3, with reductions of 8.3 ke and 5188
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Change in Battery Power, Weight and Cost Using Turn Switching
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Fig. 34. Change in HEV battery size and cost hased on power required from 0-20 mph.

Figure 35 shows the percent change in battery size and cost for the reference HEV when the turn-
switching-motor 15 used instead of the fixed nime-tum base motor. This figure 15 the same as Fig. 21(b)
but with the incompatible US06 data suppressed. In relative terms to the standard motor. the largest
savings associated with the tum-switching-motor occur for NY CC #3 with a 38.9% gam, while the
smallest 15 14.2% for the New Europe cycle #4. In other words. the battery in the HEY with the tumn-
switching version of the IPM motor is between 14.2-38.9% smaller and cheaper depending on the driving
cvele.
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[

Fig, 35, Percent change in HEV battery size and cost from 0=20 mph.
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5.0 STATOR RECONFIGURATION CONCLUSIONS

Stator turn reconfiguration shows clear benefits over the tradimonal design with a fived number of tums, [t
has been shown that for the particolar IPM motor wath 9- 12 turn-switching, whether the motor 15 vsed as
the only pnme-mover a8 i fully clectne propulsion or to provade propulsion from velicle start to a sct
speed as in hyvbrid configuration, for all eight driving cycles analvzed:

Available voltape i1s better ntilized;

Stator currents are lower,

Maotor cfficicney 15 higher;

Efficiency of PEs, battery, and cabling is higher;
Overall vehicle system efficiency is higher;
Battzry size and cost are reduced; and

Power demand 15 met cvervwhers along all eveles,

& & & ¥ ¥ w @

As indicated previously, Table 3 summarizes the savings obtained in the reference vehicle when the stator
windings of the base 9-tum motor can be switched between 9- 18 wims, for each driving cycle, and when
the motar is used for all-clectric or hyhrid propolsion. Note that these savings ranslate directly to bartery
size and cost.

For the EV configuration, the vehiels with the stator wm-switching [PM motor sonsomes betwsan 3.6-
26.9% less energy and requires between 3. 1-19.0 % less peak power than the velucle with the
conventional ning-turn IPM motor.

For the HEVs. the vehicle with the stator tam-switching 1PM motor consumes berween 13 5- 23 4% less
enerygy and requires between 16.1-38 9% less power than the vehicle with the conventional nine-tom 1PM
Tator.

Note that the maximum EV savingg of 263 kJ/mile shown for the NYCC amounts 10 a savings of about
one gallon per 151 miles of driving, when a value of 40 M)/gallon 1g nsed for the equivalence behween
battery-¢herzy and gagoline-in-the-tank.

Simnlarly, the maximum HEVY savings of 56 kJ shown for the FHDS ¢ycle amounts to a savings of about
1.4 thousandths of a gallon or 5.3 cc of gasoline per starnt.
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6.0 MECHANISMS FOR IMPLEMENTATION OF STATOR-TURN SWITCHING

Figure 36 shows a schematic of a tvpical inverter dnving a motor with the capability to connect its
winding conductors in (a) senes or (b) in parallel. The winding termmals are labeled with A1, B, Cl,
XLYLZ1,A2.B2. C2, X2, Y2, and 22

2
N‘eulra_t'

(4) Series connection. (b} Parallel conmection.

Fig. 36. Conventional motor windings schematic,

Figure 37 shows the schematic diagram of a senes/parallel connection-change switch consisting of a
eroup of eight on/off bi-directional switches.

Al

A Al B1

Wa

Tl A

Va —3p “}(1 ' il 1 1
Vb Vb = -
Ve e Vo e e * f/
A2 B2 c2
X2 Y2 72 X2 Y2 22
{Series connection) {Parallel connection)

Fig. 37. Series to parallel connection-change switch schematic.

The on/off switches in Fig. 37 can be mechanical or electrical. Mechanical on/off switches cannot handle
the breaking of high currents in the motor windings during the change of connections because arc flashing
will rapidly destroy the contacts. Figure 38 shows that if contact opening while in series confizuration
takes place at the time phase-a’s alternating current {(ac) 1s at its peak 400 A value (top waveform). a
voltage spike of 62,000 V develops across the opening contacts (muddle waveform).
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Fig. 38. Current and voltage waveforms at serial winding opening transition.
{The top waveform is the winding current, the middle is the voltage at
the switch contacts and the bottom is the current in the shunt-resistor.)

Reducing the winding current will reduce the magnitude of the voltage spike propertionally to the square
of the current fraction. Damage to the contacts will be prevented by making the winding current zero prior
to throwing the switches. This could be done:

{1) While the rotor turns and 15 engaged o the mechanical system and produces back-emf,
a, With the conventional PEs used in HEVs: by requesting a zero current in the windings. The
PE will match the back-emf voltage and the windings current will be zeroed in a matter of
milliscconds.
b. With a modified PE design in which the presently uncontralled retum current path through
the diode can be blocked when the current 1s zero: Then the insulated gate bipolar transistors
{(IGBTs) could be turmed-off and the current in the diode path be blocked at the moment the
back-emf attempts to change the current direction towards the battery.
{2) While the rotor does not tum:
By requesting zero power or turning off the PE"s IGBTs and dizengaging the motor’s rotor
from the mechanical drive so that the back-emf disappears as the rotor stops.

Once zero current in the windings has been achieved. reconfiguration can be performed and PE
normal operation can be resumed, In this case. one single-pole-double-throw (SPDT) and one
single-pole (5P) are needed for senes-to-parallel and parallel-to-senes reconfiguration.

At the moment of reconnection, the discrepancy between the PE voltage — equal to the pre-
switching back-emf — and the new back-emf generated in the windings will cause a short-lived
transient: (a) when changing from series to parallel the windings impedance is reduced by a
factor of four and the back-emf by a factor of two from their pre-switchimg values;
consequently, there will be a positive torque-producing mrush of current into the motor; and
(b} when changing from parallel to senes the windings impedance mereases by a factor of four
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and the back-einf by a factor of two from their pre-switclung values: conseguently, there will be
a neygative torque-producing inrush of cument into the batterny

This approach is not wo different from the conventonal clutchfaceelerator pedal sequencing
performed regularly in straight pear shift combuostion engings even to the accelerating and
braking effects when the clutch re-engages after changing gears, with higher pear ratio being
akin to higher numbsr of tums. The advantage for stator reconfiguration over conventional gear
changing is that torque production is suppressed for a much shorter time pened.

{Operation in a parallel configuration results in a lower number of tms and back-emf, thus i01s preferred
for high speeds while series configuration is i general beder for low speed-high wrque operation. Sull
one can envision the possibility of having to establish maximum speed limitg for switching using
approach (1) above in order (o ensure that the back-emf does not exeeed the bamery voltage.

Switching tum configuraton while no current circulates in the windings has the advantage of only having
to contend with the back-emf for arcing at the contact points if the rotor s tuming and requires at most six
switches,

An approach for changimg windings between senies and parallel configurabons while current circulates
through the windings, better than the random switch opening simulated in Fig. 38, is 10 switch each phase
at the moment the ac crosses the zero level. This can be accomplished nsing a combination of high-
cumment 2lectronics switches snch as IGETs and silicon-contrellad rectifiers (SCRs). The SCR
automatically stops the conduction when it sees the zero current. A minimum number of 16 heavy-
current SCRs would be required for the three-phase seres/parallel diagram shown in Fig, 36, In this
approach, the SCEs stay m the current path contmuouvsly and thus contribute additional losses and cooling
requirconents, [o addition, at the prescnt ime the cost for bagh current clectromes swatches s high,

A novel approach, in which the SCRs are taken out of the winding’s electrical current path, iz described
below.

6.1 THE ELECTRONICALLY-COMMUTATED CONNECTION-CHANGE SWITCHER

The clectromcally-commutated conncetion-changs switcher 15 a novel approach developed dunng this
rescarch that has the potennal of bemg low m cast. small. easy 1o ool long-lived, and has a benign
failure mode. It is basically a hybrid mechanical and electronic switch arrangement. A movable dise per
phase, consisting of altermating insnlator and conductor regions and signal tniggering nodes, moves in
contact with a set of fonr stationary brushes welded 1o the ends of 2ach coil. The trigeering nodes send
pulses to a set of SCRs prior to circuit opening. The SCRs are not in the current path during normal
operation.

Figurz 39 shows the parallcl connceten for onc phasc. Terminals Va and A2, as well as X1 and nevteal
are connected together, respectively, through the conductors that are located i the movable dise. The
timing of the SCR triggering siznals can be changed by the locations and the widths of the miggering
signal nodes in the disc.
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Fig. 39, Disk positioning and schematic for parallel connection of one phase.

Figure 40 shows that during the connection change immediately before the opening of the parallel circuit,
two triggering signal nodes will produce gate signals to the SCRs. Because the conduction of the SCRs
occurs only during connection changing. the SCRs can take a verv high current pulse (normally greater
than 10 times its continuous current). the cost of the SCRs for this application 1s low, Furthermore, since
the heat generated by the SCRs is low due to the short current pulses, cooling will be easier than for
continuously operated SCRs,
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Fig. 40, Disk positioning and schematic for SCR zate trigeering right before parallel circuit opening
for serial reconfiguration,

Figure 41 shows the disk positioning and schematic for series connection of ong-phase winding,
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Fig. 41. Disk positioning and schematic for series connection for one phase.

Figure 42 shows the disc moving i the opposite dircetion when changing from a series connection to a
parallel connection. The SCR gate tnggenng signals will be produced nght before the circut opening of

the windings.
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Fig, 42, Disk positioning and schematic of SCR gate triggering immediately before opening the series circuit
prior to parallel reconfizuration,

6.1.1 Performance Simulation of the Electronically-Commutated Configuration Switcher
Figure 43 shows the computed current and voltages for this novel approach when opening the serial
connection while full current is circulating in the winding and leaving it open. Note that the current spike

in the SCR is below 400 A and that the peak back-emf voltage at the opening contacts does not reach
1,000 V. These values compare favorably with the 62.000 V shown in the second wavetform of Fig. 38.
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Fig. 43. Current and voltage waveforms at series winding opening transition with the electronically-
commutated configuration switcher.

Figure 44 shows the computed current and voltages for this novel approach when opening the scrial
connection while full current is circulating in the winding followed by closing to the parallel
configuration. Note the increase in the magnitude of the winding current upon reconnection in parallel
which is associated with the reduction in winding impedance by factor of four when switching from senes
27 1o parallel Z/2. where Z represent the impedance of one single coil.
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Fig. 44. Simulation of series-to-parallel winding reconfiguration with the electronicallv-commutated
configuration switcher,

6.2 SWITCHING MECHANISM CONCLUSIONS

For switching while the motor is providing active torque. the electronicallyv-commutated connection-
change switcher deseribed has the following characteristics:

(1) All winding wires are connected to stationary confacts.
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{2} There are many other possible embodiments for making winding connection change switches.
For example, the switch can be made differently by changing from a linear sliding mode of
aperation to a circular arcangement.

{3} A solenoid can be osed for the actoation in all cases.

{4} Because of the shott traveling distance and the relatively low speed of the movable portion,
contact lubrications, such as ¢il. and varions tvpes of brushes such ag rollers, copper fibers, ete.
can optionally be used for improving the life expectancy of the contacts.

{3} The SCRs do not stay i the main current path and have small duty cycles; consequently they can
be of low rating, small, and inexpensive.

{0} For the same reason given m Eq. (3). the cooling can be made simple,

{7} The mowr current can be controlled 10 a lower value befor: switching the winding connections,

(%) The connection-change switch can be incomporated with the motor and inverter,

For switching while the motor is providing no torque, one of the three approaches described for reducing
the winding current to zzro prior to performing tum-switching may be most desirable.

Further rescarch and hardware demonsteation 15 nceded to realize the potential gams showo for stator tum
reconfiguration,
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APPENDIX A
SET OF DRIVING CYCLES

In Figs. Al{a) and (b) and Fig. A2, the meanings of the colors are as follows: black identifies the time
ranges in which the pnme-mover of the vehicle used in this study could be tumed OFF; red identifies
ranges in which the prime-mover failed to provide as much torque as was needed; and the remainder time
periods are colored according to the number of turns active in the prime-mover. In this particular case the
color orange indicates operation with 9 active tuens, while green indicates operation with 18 active mrms.
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APPENDIX B
SIMULATION OF SERIES TO PARALLEL COMMUTATION STAGES

Figure B1 shows the simulation circuit for series contact opening in a system consisting of a three-phase
inverter, motor, and mechanical switches al the mid-point of the windings. The motor winding is
represented by resistance. inductance, and back-emf. The results are shown in Fig. 38, It should be noted
that without the 2,000 Ohm resistor in the circuit. the peak voltage at the contacts will be higher than the

computed 62,000V,

18y, E-P

L

/ 2000
IPM maotor &t contast opening:

Veeatact = 52000 volts

Inverter

Fig. B1. Simulation circuit for serial contaet opening showing inverter, motor, and mechanical switches,

Figure B2 shows the simulation circuit for series contact opening in a system consisting of a three-phase
inverter. motor, and the electronically-commutated connection-change switcher. The results are shown in

Fig. 43.
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Fig. B2. Simulation circuil for opening a series configured winding with the clectronically-commutated
connection-change switcher,

Figure B3 shows the simulation circuit for serial contact opening and parallel closing in a system
consisting of a threg-phase inverter, motor. and the electronically-commutated connection-change
switcher. The results are shown in Fig, 44,
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