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Final Report on Control Algorithn to Improve the
Partial-Load Efficiency of Surface PM Machines
with Fractional-Slot Concentrated Windings

I. Introduction

Surface permanent magnet (SPM) synchronous machines using fractional-slot concentrated
windings are being investigated as candidates for high-performance traction machines for
automotve electne propulsion systems. 1t has been shown analyucally and expernmentally that
such designs can achieve very wide constant-power speed ratios (CPSR) [1.2). Thiz work has
shown that machines of this (ype are capable of achieving very low cogging torque ampliudes as
well as significantly increasing the machine power density [3-5] compared o SPM machines
using convenhonal dismbuted windings, High elficiency can be achieved n this class of SPM
machine by making special efforts o suppress the eddy-current losses in the magnets [6-%],
accompanied by efforts 1o municmze the iron losses in the Totor and stator cores.

Considerable atlention has traditionally been devoled 10 maximizing the full-load etficiency
of traction machines at their rated operating points and along their maximum-power vs. speed
envelopes [or higher speeds [9,10]. For example, on-line control approaches have been
presented for maximizing the tull-load efficiency of PM synchronous machines, including the
use ol negalive d-axis stalor current W reduce Lthe core losses [11,12].

However, another important performance specification for electric traction applications is
the maching’s cfficicney at partial loads. Partial-load ctficicncy is particularly important if the
target traction application requires long periods of cruising operaton at light loads that are
signficantly lowcr than the maximum deve copabilitics,. While the design of the maching atsclf is
clearly important, investigation has shown that this is a case where the choice of the control
algorithm plays a entical role in determining the maximum partial-load officieney that the
machine actually achieves in the traction drive system. There (s no evidence that this important
topic has been addressed for this type of SPM machine by any other authors,

This topic takes on even greater significance for lractional-slot concentrated-winding SPM
machine designs. [0 parnenlar, maximizing the torque/power density of this class of SPM
machines typically leads to machine designs with bugh numbers of poles. The resulung high
electrical Trequencies can easily result in high stator core Josses unless special care is taken
during the machine design process.

The purpose ol this report is K discuss a modilied vector control algorithm for a fractional-slol
concentrated winding SPM machine that has been developed to maximize the machine’s partial-
lad elliciency over a wide range of operating conditions. For purposes of this discussion, a 35
kW {peak) SPM machine designed to meet requirements established in the US FreedomCar
program [13] is used as the basis [or demonstrating the proposed 1echnique. A combination ol
closed-form analysis | 14] and finite element analysis (FEA) is used during this investigation.

UW-Madison P.B. Reddy and Prof., T.M. Jahns 1
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FABLE I ComPARISON oF TRACTION MOTOR SPECIFICATION AND SPAM Y DESUFN RESULTS

Regudrement Target Specificition SEMT Deslen
Mintmuagn wp spaed Jopm] 1ELENHD 10,0001
Peak Power at 0% of miax speed Tor 18 sec and pominal voltags [kW] 35 55
Contimeous powarat 20% to 0% o e spead and nominal W0 a0

viorltage (KW

Batlery operating volage [YVdc|

Vardnal: 315
Famre: 2080 1o 4500

MNewiimal; A28
Hange: IO 1 450

Mlaarmuim current al motor fArms] 404 330
Charactensiie cumment [ Arnms] - Max Current 1463
Effieaerey ot 10 1o 100% of max speed rafed power 3% 93%%
Efficicney at 10t 1007 of may speed for 1% of rated tosgiee =030, See Figs 6,7
Torque palsations —nol to exceed at any specd [ of peak forguie] -3 6.5 (From FEA)
Paak power to weight ratio For sctive materials [KW-He| .78 344
Peak power 1o voluine rabs for aciive iaterials [kW Titer | L33 26,2

TapLE I, SUhdARY OF KEY DisENSONS AND PAR AMETERS OF THE 36500130 POLE SP T MACHINE DESIGH

SlolPole Phase (SPF} 25 Toeal Mass [kg] 163
Outer Drameter fom | 262 agiet Remanent Flus Density, 5, [Teska] 10 140°C
Active Length [nmm) [ Magniet relative permeabilaby 105
Aar Gap Thackness i 1.5 Magnat Thackness frin | 7.5
Total Tangth [ram] Ta4 Stator Serjes Turnaphase, N, [Tums| 44
Magnets Outer Radius fmim ] 0.6 Mo of Paradle] Paths 1
Eotor Outer Radivs [mm] 921 Rated Current Density [Afmm’| 6.7
Rotor Inner Radius [mm| 221 Peak Cwrrent [A ms] A3
RS PA Flux linkage [mWh-nns] 263 Peab Current Density | Admm’| 154
Phase Inductance ] 17935 Rated Armatore Losses |W] T34
Char. Cusrent, 7, [A rmig] 1463 Ruted Core Losses [W) 1911
Rated Current, T | A s} I44 Slot Fill Factor [pu| 0.7
EW andex (Lo0z) 1.4x2 Rodor Active Volome Em1] 1On19s
Copper Mass [kg| 4.6 Comimucs Al Cap Shear Stress [psi] 58
Trom hass [kg] T [kPa] i}
Blmanet Mass ke ) LOM 821 184

II. Summary of 55 KW SPM Machine Design

A 36slot/30pole fractional-slot concentrated winding SPM machine using sintered magnets
has been designed to meet the required performance specifications summanzed in Table 1. A
cross-section of the basic stator-rotor repeating unit for this machine (referred to henceforth as
SPMIT) is presented in Fig 1 and several key dimensions and parameters of this machine are
summarized in Table 1. The attractive performance metries predicted for this machine design
are summarized in the last column of Table | for convenient comparison with the specifications.
Two-dimensional FEA has been used to build confidence in these calculated results,

LU'W-Madison

12

P.B. Reddy and Prof, T.M. Jahns



115147

Figure |, Cross-section af the hasic repaating unit of the 33 KW (peak )
Taslot 30pele (18 ahpiph ) SPU machine design

The stator structure 1s assumed o be segmented in order t© achieve a high slot copper fill
factor of 0.7 (defined as the ratio of the copper cross-sectional area to the total sfot area) [15],
making 11 possible to merease the machine’s power density by reducing its copper losses. In
addition, each magnet pole is segmented into 5 pieces in order to minimize the eddy-current
losses in the magnets caused by the spatial harmonic components in the airgap magnetic field
[6].

II1. Core Loss Model

Several authors have presented analytical models for calculating the core losses in ac
electrical machines. The core losses for this investigation have been calculated using the model
presented in | 16]. This madel is defined in terms of machine dimensions and material properties,
and ils prediction accuracy characteristics are quite good, making it an appealing choice for this
machine design optimization exercise. The interested reader is directed to the original reference
[16] for more details about this madel and its derivation which will not be presented here.

The peak air gap flux density as well as the peak stator-tooth and stalor-yoke flux densities
have been calculated analytically for the SPMJ machine using a model lor fractional-slot
concentrated-winding machines that has been presented in a previous paper [14]. The results of
this model for the SPMI machine have been verified using FEA as will be discussed in Section
V. The core loss coelficients used in the calculations are dependent on the lamination material
and thickness. The coeflicient values used for this analvsis lie in the middle of the typical ranges
presented in [16] and are identilied in the [ollowing discussion,

A, Tooth Eddy-Current Loss Model

The stator 1woth eddy-current losses per unit volume can be calculated using the lollowing
equations:

4
Pot == akghte (0eBy Y [Wim'] (n

T

U'W-Madison P.B. Reddy and Prof. T.M. Jahns 3
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where P., iz the stator tooth eddy-current power loss per unit volume [W/m’], #7 is the number of
phases, 4. 15 the eddy current constant {depends on the lamination material; typically 0.04-0.07
[16]), &, is the motor geomeiry correction factor (depends on the motor geometry; see [16] for
details}, & 18 the correction factor to account for the contribution of the circumferential loss
component (see [16] for details), o is the electrical angular velocity [rad/sec), g is the number of
slots/pole/phase, and By, 13 the peak magnetic flux density in the tooth [Tesla]. The value of By,
can be calculated as follows.

W+, "
By =titlig  [Tesla) (2}

where W, is the tooth width [m], W is the slot width [m], and & 15 the peak air gap magnetic flux
density [Tesla]. The value of B, can be calculated as follows:

o

|
Bg = LSt i _ [Tesla] (3}
J2R, leff N phaseh wlte

where V), is (he airgap supply vollage [V rms]. pis the number of machine pole pairs, N, 15
the number of senes urns/phase, K 15 the synchronous winding tactor, R, 15 the airgap radius
[m], and 4, 1s the acuve stack length [m].

1t should be observed that the calculation of the peak air gap magnetic flux density ﬁ’x in (3)
above {and. hence, the values of the penk stator-tooth and stator-yoke magnetic flux densities)
are based on a key assumption of sinusoidal Mux density distnbutions.  This key approximation
will be justified using FEA results presentad later in Section V.

B. Yoke Eddy-Current Loss Model

The stator yoke eddy-cument losses/unit volume can be calculated wsing the Tollowing
equation:

Pt 2 ko8, } W] (4)
LA ;

where P, is the stator yoke eddy-current power loss per unit volume [W/m?], %, is a constant

{defined below), ¢ 1s the magnel width-to-arc-length rano (defined below), and B, 1s the peak

magnetic flux density in the stator yoke [Tesla). The values of o, £,, and B, can be calculated as

follows:

H 8k} W

PRAL. SR S S g =——pg [T] (5}
2aR, g’ oAt
ip

where 4, 15 the stator yoke thickness [m], W15 the magnet width [m], and A 15 the projected slot
pitch at the middle of the stator yoke [tn].

. Hysteresis Loss Model

The stator-tooth and stator-yoke hysteresis losses per nmt volume can be caleulated vsing the
following equations:

UW-Madison P.B. Reddy and Prof., T.M. Jahns 4
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2: Cross section of two-pole machine illustrating a stator current vector and is decomposition into
d- and g-axis components in order to achieve veetor control of an SPM machine.

Phr = kﬁ ity Hm.ﬂ [W."m"] {{:}_:I'
By, = kyw B, P [Wim'] (7

where P, is the stator-tooth hysteresis power loss per unit volume [W/m’], P,, is the stator yoke
hysteresis power loss per unit volume [W/m?), &, is the hysteresis loss constant (depends on the
lamination material; typically 40-55 [16]), and £ is the Steinmelz constant (depends on the
lamination material; typically 1.8-2.2 | 16]).

D. Total Iron Loss Model
Using the results presented above, the total ron losses can be calculated as follows:

Fivon = {Pur *: Fm)’} sy Lpuy + ‘E:l':}')]_l.- [WI] (8)

V, is the total stator-tooth volume [m?).

where P, , 18 the total iron losses in the machine [W], V,

and V, is the total stator yoke volume [m’].

IV. Enhanced Partial Load Efficiency Control Algorithm

High-performance torque control in SPM machines can be achieved using current-regulated
vector control.  According to this technique, the amphitudes of the instantaneous currents in the
three stator phases are controlled so that their combined elfect can be represented on a cross-
section of the machine as a vector that has an amplitude (1.e.. length) and angle. A simple
representation of this coneept for a 2-phase ac machine is provided in Fig. 2 that illusirates a
current vector {,. Newcomers to this concept are referred elsewhere lor more details [17).

According to the basic concept of vector control, the amount of torque that is produced by an
SPM machine 1s determined by both the amphiude of the current vector /and, very importantly,
by its angle with respect (o the orientation of the rotor magnets. In Fig. 2. the rotor magnet
orientation 18 represented by the magnet [Tux linkage vecior ¥ ahgned with the north pole of the

UW-Madison P.B. Reddy and Prof, T .M. Jahns 5
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Max TIA Trajectory for 3% of Rated Torguee Max TV {comst Wif] Trajectory for 20% of Rated
TEQUD Ly EEIGP rom 5 2000 pm Torque
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Fig. 3: Maximum Torque/Amp current vector Fig. 4 Maximum Torque/Volt current vector

trajectory for SPVWI machine at 20% of rated torque trajectory for SPMJ machine at 20% of rated torque

rotor magnets. A two-axis plane can be uniquely defined that is locked to the rotor’s
instantaneous angular position at every time nstant so that the orientation of P is defined to be
the direct or d-axis, and an orthogonal axis is defined as the quadrature or g-axis. As a result,
any current vector such as ¢, in Fig. 2 can be uniquely decomposed into an i, component along
with the d-axis and an i, component aligned with the g-axis. The torque and the terminal voltage
developed by the SPM machine are determined by the values of 7, and i, so controlling these two
orthogonal current components provides the basis for controlling the torque production of the
machine.

Conventional vector control algorithm for SPM machines is based on minimizing the stator
copper losses by adjusting the stator current mn the rotor-based dg [rame 1o achieve maximum
torque-per-Amp (max 1YA) operation [9,10]. Figure 3 shows the calculated current vector
trajectory line lor maximum torque/Amp operation of the SPM[ machine over a wide range of
rotor speeds in the i,-i; plane when delivering 20/% of rated torque. According to this algorithm,
the value of i, is essentially constant while 7, is gradually mereased (with negative polarity) as
the speed is increased beyond the comer point value to accomplish the necessary [lux
weakening. Flux weakenmyg is required at elevated speeds to counteract the effect ol the magnet
flux linkage ¥, sufficiently so that the terminal voltage of the machine at each speed will remain
within the maximum himit set by the available source voltage.

It is usetul to dentily an alternative version of this vector control algorithm to minimize the
machine's terminal voltage under all operating conditions by using as much negative d-axis
current as available to accomplish this objective. The current vector trajectory for this maximum
torque-per-Volt stralegy is shown in Fig. 4 lor the SPM/ machine at 209% of rated torque,
exhibiting very little motion over the tull speed range. That is, the same current veclor amplitude
is applied at all speeds, adjusted so that its amplitude equals the rated continuous current value.
This algorithm is referred o as maximum torque-per-Volt (max T/V).

This e TYV algorithm 1s useful for illustration purposes in this discussion because 1t has the
special feature of minimizing the stator core loss by minimizing the stator flux density at all
speeds. However, its pracucal usefulness 1s very himited since this iron loss mimmization 1s
accomplished at the price of maximizing the copper loss,

LIW-Madison P.B. Reddy and Prof. T.M. Jahns £
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Fig. 5: Comparison of predicted copper losses for
20% of rated torque with max T/A and max T/V
' algorithms

Efficiency at 20% of Rated Torque

Fig. 6: Comparison of predicted iron losses for 20%
of rated torque with max T/A and max TV
algorithms
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Fig. 7: Predicted efficiency of SPMI machine at 20%
of rated torgue for max T/A and max T/V algorithms,
plus specilied min. efficiency line.

Fig. 8: Variation of SPMJ efficiency at 2000 rpm as a
lunction of £; with §, adjusted to hold the torque
constant at 20% of rated torque

Some valuable insights are also available by comparing the calculated loss components with
each of these two vector control algorithms,  Figure 5 conlirms that the maximum torque-per-
Amp algorithm (max T/A) delivers lower copper losses al all speeds below maximum speed (10
krpm) compared to the maximum torque-per-Volt (mmax T/V) algorithm. On the other hand, Fig.
6 shows that the roles reverse for iron core losses [16), with the max TV algorithm achieving
significantly lower core losses than the max 17A algonthm at all speeds below 10 krpm.

An important observation from this exercise is that the max T/V algorithm tends to vield higher
efficiency at speeds where the iron losses are dominant, while the max TVA algorithm tends to
achieve higher efficiency at speeds where copper losses are dominant. Figure 7 confirms this
observation by comparing the predicted efficiency of the SPMT machine at 20% of rated torque
for the two algorithms over a wide speed range. More specifically, Fig. 7 shows that the max
T7A algorithm is significantly better for minimizing the total machine losses at low speeds where
the iron losses tend to be the lowest, but the may TV algorithm demonstrates its superiority at
higher speeds above approx. 2000 rpm where iron losses are much higher. Unfortunately, Fig, 7
also shows that neither algorithm is capable ol achieving the 93% efficiency target for the
FreedomCar traction motor, with the largest deficiencies appearing at low speed.

U'W-Madison P.B. Reddy and Prof. T.M. Jahns 7
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Max Efficiency Trajectory for 20% of Rated . Efficiency at 20% of Rated Torque
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IFig. %: Current vector trajectory for SPM/ Fig. 10: Predicted efficiency of SPM/T machine at
machine to deliver maximum partial-load elficiency 20% of rated torque for maximum partial-load
at 20% of rated torque efficiency, plus specified min. efficiency line

A critical observation at this stage is that the max 774 and max T/V algorithms represent two
distinet extremes in the vector control spectrum.  In between these two extremes are an infinite
number of alternative lormulations.  Each candidate algorithm represents a dillerent weighted
blending of the two extremum algorithms, raising the possibility that a blended algorithm might
perform better than either max T/A and max T/V alone.

Stated differently, an investigation was launched to determine whether there might be another
combination of [, (which determines the resulting torque) and 7, (used to adjust the flux level in
the machine) that will lead o higher machine efficiency values than either the pure max T/A or
max TV algorithms.

The results of this mvestigation have been very promising, indicating that the appropriate
blend of the two algorithms can yield significant improvements in the machine elficiency,
particularly at those speeds that exhibit the largest deficiencies in Fig. 7. As an example. Fig. 8
shows the vanation of predicted SPM/ efficiency at 2000 rpm and 20% ol rated torgue as a
functuon of /. The predicted efficiency 18 approx. 86.5% for the max 17A algonthm (when [, 18
zero), while the efficiency 15 approx. 88.5% lor the max T/V algorithm (f; = -140 A rms). In
between these extremes, the partial-load machine efficiency peaks when [, = -80 A rms at a value
very close to the specified value of 93%. This is a clear indication that choosing the optimum
combination of [, and [/ can have a very beneficial elfect on maximizing the partial-load
elficiency of the machine. These results will be discussed further based on the FEA resulis
presented in the following section.

Figure 9 presents the calculated current vector trajectory lor achieving the highest partial-load
efficiency as the rotor speed is increased from 1000 to 10,000 rpm. By comparing this trajectory
to the max T/A and max T/V current vector trajectories in Figs. 3 and 4, respectively, it can be
observed that new trajectory adds a higher-level of negative d-axis current as a function of rotor
speed compared o the max T/A trajectory in order to reduce the iron losses, but not as much [, as
the max 77V algorithm would require.

Figure 10 shows the new predicted efficiency curve for the SPMYI machine at 204 ol rated
torque when the current vector trajectory in Fig. 9 is applied as a [unction of rotor speed. The
partial-load efficiency values are boosted at every speed compared 1o the values plotied in

UW-Madison P.B. Reddy and Prof, T .M. Jahns 8
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Fig. 11: Predicted stator tooth magnetic flux density Fig. 12. Predicted stator tooth magnetic flux
waveform at 2000 rpm and 20% rated output torque density waveform at 2000 rpm and 20% rated
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Fig. 13: Predicted stator tooth magnetic flux density Fig. 14: Predicted har monic specira for stator
waveform at 2000 rpm and 20% rated outpul torque  tooth magnetic flux density at 2000 rpm, 20% rated
under max efficierncy operating conditions torque for the three operating conditions

Fig. 7 lor the max T/A and max 77V trajectories. In fact, the results in Fig. 10 predict that the
SPMI machine will be able to meet the minimum efficiency requirements (93%) tor 209 rated
torque over the complete speed range.

V. Finite Element Analysis Results for SPM1 Machine

In order to verify the assumptions used in the anal vtical caleulations of core losses and 1o gain
more insights into the tradeofls between the copper and core losses for maximizing the partial-
load cfficiency, FEA simulations using MagNer 21 {Infolytica) were carried out.  Three
operating points at 2000 rpm and 20% rated torque are considered. These points correspond to
three distinct points on the partial-load cfficiency curve shown in Fig. 8, representing max T/A
(Far right), max 77V (far lelt), and max efficiency operation at the peak of the curve.

The FEA-predicled magnetie [Tux density tme-doman wavelorms in the centers ol the stator
teeth are shown in Figs. 11 to 13 for the three highlighted operating points.  The harmonic
spectra ol these stator-tooth [Tux density wavelorms are presented in Fig. 14,

The first key observation drawn from these figures is thal the magnetic [lux density
wavelorms in the stator teeth are almost purely sinusodal, as confirmed by the harmonic

UW-Madison P.B. Reddy and Prof. T,M. Jahns 9
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spectrum in Fig. 14. This result is striking since the fractional-slot concentrated windings
produce many spatial harmonics in the airgap flux density waveform [14].  The sinusoidal
waveshapes in Figs. 11 to 13 justify the sinuscidal approximation adopted for calculating the
pcak air gap magnctic flux density and, subscquently, tor caleulating the peak magnctic flux
density in the stator teeth and yoke.

The second key observation drawn from companiong Figs. 11 and 12 15 that there 1z a
sigmficant reductoon (by almost 80 of the peak magnenc flux density in the stator tooth for the
max IV algorithm compared o the max £7A algorithm. This [Mux density reduction leads to a
sigmficant reduction of the predicied core losses in the stator teeth. Thas reduction in the stator
core loss comes at the expense of an increase in the rms phase cwrrent amplitude (1393 vs
30.6 A rms), and, hence, a corresponding increase in the copper losses, as discussed in the
previous section. This result is consistent with the resulis shown earlier in Figs. 5and 6.

Figure 13 shows the predicted stator tooth magnetic flux density waveforms under the max
efficiency operating conditions. 11 can be observed that there is almost a 50% reduction in the
stator tooth peak magnence [lux density compared to the smae /A4 case. At the same me, there 15
an increase in the phase current amplilude (76.4 v 30.6 A tms). This blend of the max T4 and
the sy TV algonthms vields the maximum partial-load efficiency for operation at 206% rated
totgue with a rotor speed of 200X rpm.

¥1. Algorithm Application to 6 KW FSCW machine

Since the SPMT machine discussed in the preceding sections of this report has not been built,
an ¢tfor iz being made to perform experimental verification tests tor the partial-lead cfficicncy
algorithm using a different SPM machine that has already been fabricated. This 6 KW prototype
maching {referred toin this report as SPM2} shares many of the most important features of the
APME machine including the use of fractional-slot concentrated stator windings. However, this 6
kW machine also embodics some important differences from the §PM! machine design that
limits 1ts effectiveness as a vehicle for performing these verification tests that will be discussed
in the following scction.

A. 6 kW Prototype Machine Details

The & kW prototype machine was designed and built for ORNL by UW-Madison and used to
successfully  demonstrate that fractonal-slat concentrated winding (FSCW) surface PM
machines can be used o achieve wiude speed ranges of constant-power operation.  Several of the
key machine parameters are summariZzed in Table [1I. A companson of the parameters n this
table with those of the SPMJ/ machine in Table II shows that these two machines share several
important features in common including their pole number (30) and slot-per-pole-per-phase
valne (2/5).

A cross-section view of the basic repeating wunit {5 rotor poles) of the SPMZ machine is
provided i Fig. 15, and a phote of the prototype machine appears as Fig. 16, Closer
examinaton of Tables 1T and III indhicate that the key physical dimensions of the $PMT and
SPM2 machines including stator outer diameters and active lengths are very similar. This is very
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TABLE Iz & 5W SPM2 MACHINE DIMENSIONS AND PARAMETERS

Slots/ Pole Phase 25 Slots 36

Poles 30 Rotor Outer Radius [mm] BE.G6

Stator O [mamn] 272 Active length [nm] G

Total Length [mm)] T4.9 Magnet Thickness [mm] 13

Adr-gap Thickness [mm] 1.0 Magnet Remanent Flux Density [T] | 0.55 @ 140°C
Copper Mass [kg] 2.3 Magnet Mass [kg] 35

Iron Mass [kg] 8.1 Total Mass [kg] 14

Fig. 15: Cross-section of the basie repeating  Fig. 16: View of prototype S/M2 machine during testing at
unit (5 rotor poles) of the SPH2 machine U'W-Madison

sinking smce the SPM1 machine has a continuous power rating (30 kW) that 1s five umes larger
than the corresponding value for the SPM2 machine (6 kW), The primary reason for the large
difference in power density 1s that the SPM2 machine was designed with the primary objective of
demonstrating the constant-power operating capabilities of this type of machine with
conservative values of the stator current density and pole dimensions.  In contrast, the SPM2
machine was purposely designed much more aggressively (o demonstrate that the FSCW surface
PM machine is capable of achieving high values of power density,

The sigmficantly higher power density of the SPM! machine was achieved using a
combination of different techniques. First, the comer point speed of the SPAMJT machine is 2000
rpm while the corresponding corner speed of the prototype SPM2 maching is less than halt of
that speed (approx. 900 rpm), accounting for a doubling of the power density ol the SPM/
machine for the same torque production,  In addition, the SPMI machine is designed with a
significantly higher value of stator winding current density than the SPM2 machine because it is
specilically designed for a hquid-cooled stator [ixture instead of air cooling,

U'W-Madison P.B. Reddy and Prof, T.M. Jahns L1
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There are wo more differences between the SPMT and SPM2 machines that deserving noting
in this discussion.  First, the SPMJI maching 15 designed 0 minimize s volumc and mass,
making it necessary 10 drive more magnetic flux through smaller iron cross-sectional areas. Asa
result, the iron in the SPMI maching is pushed decper into satoration {i.¢., highor valucs of
maximum flux density B) than the SPA{2 machine.

Second, the SFMZ machine was designed vsing bonded MdFeB magnets in order to minimize
its cddyv-currcnt losses in the magnets, taking advantage of the high resistivity of bonded
magnets. [n contrast, the SPAJT machine is designed vsing sintered NdFeB magnets that have a
significantly higher remancnt flux density (1.0 T ws. 0.55 T at 140 deg) at the price of
significantly lower resistivity that increases its magnet eddy-current losses compared 0 the
SPMIE machine. Unlike the SPMT machine, oo ciicumfcrential scgmentation of the magnots was
necessary in the SPM2 machine because of the much higher resistivity of the bonded magnets.

This discussion of the differences between the SPMY/ and SPM2 machines helps 10 set the
stage [or a key point made later in the paper that not all SPM machines are equally suitable for
application of the partial-load efficiency algorithm. As will become more clear in the next
section, the suitability of a machine for demonstratng a sigmficant advantage by applying this
algorithm depends on the presence of substantial iron core loss components that can be reduced
by adding negauve d-axis current {1.e., flux weakening) without adding (oo much copper losses
te nepate the reduction in iron losses.

B. Predicted Performance of SPM2 Machine using New Algorithm
Analytical Approach

A two-dimensional finte element analysis has been carned out to investigate the performance
characterisucs ol the YPMZ machine in combination with the partial-load efliciency algorithm.
The electromagnetic FEA programs MagNet2D (Infolvuca) and Jdag (JRL, Inc.} have been used
in this part of the investigation Lo provide more accurate predictions ol the magnetic fields and
iron losses i the FSCW-S5PM machine. [n particular, the JMag program is capable of providing
a point-by-point frequency spectrum calculation of the iron losses over the complete ¢ross-
section of the machine. Both hysteresis and eddy-current losses are caloulated for the target
machine, using iron loss characteristics provided by the lamination steel manutacturer. This
approach provides improved accuracy Tor predicting the ron losses in such a machine at the
price of longer calculation times.

[0 order to carry out this analytical investigation in anticipation of experimental tests, the
torque level of the $PM2 muchine is held constant al a value (~9 Nm) comesponding o 6 kKW
power delivery at the peak speed of 6000 rpin.  Core, copper, and magnet losses are caleulated at
different speeds by varying the d-axis currenl. The 1orgque production of the machine changes
very hittle as a resull of varying the d-axis current. [deally, the cutput torque depends only on the
g-axis current, bul, in this case, the changing losses of the machine cause a secondary
dependence of the torque production on the 4-ax1s current amplitude. The total losses are plotted
as d Tunction of the d-axis current {which is negative) in order o investigate the changes in the
machine efficiency.

UW-Madison P.B. Reddy and Prof. T.M. Jahns 12
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current limit circle to define MTPA operating points. a5 2 function of speed for MTPA operaling points.

During this investugation, attention 1s focused on two categories ol operating points: a) the
maximum efficiency (ME) operating points; and b) the maximum-torque-per-Amp (MTPA)
operating pomnts, Al low speeds. the MTPA operating point resides on the g-axs (Le., d-axs
current equals zero). Under these conditions, the current angle y measured between the g-axis
and the current vector operating pomnt (f, 1) equals zero. At elevated speed, the vollage
constraint forces the MTPA operating point to move off of the g-axis into the second quadrant
(se¢ Fig. 17). causing current angle yto mcerease (Fig. 18). More speailically, the MTPA
operating point is determined by the intersection of the voltage hmit circle at that speed and the
horizontal line that has the required g-axis current amphtude to develop the required torque. At
this mtersection, the negative d-axis current is just sufficient to reduce the machine’s terminal
voltage to fall within the voltage hinit set by the dc bus voltage value. This MTPA operating
point corresponds o the lowest current amplitude required to develop the specilied torgue.
thereby earning the maximum torgue-per-Amp designation, while meetung the voltage constrant.

Ag indicated m Fig. 17, the radius of the voltage limit cirele monotonically shrinks as the
rotor speed 1s inereased. causing the mtersection of the horizontal line in Fig. 17 and the
corresponding voltage hmit arcle lor each particular speed to gradually shift o the left as the
speed increases (note points 1 o 5 in the figure). As a result, the current angle y also imcreases
monotonically with speed as indicated i Fig. 18

On the other hand. the maximum efficiency pomnt is the current plane operating point that
provides the maximum machine efficiency while delivering the required torque and meeting the
applicable voltage constraint. That 15, the tradeofl between the copper and non-copper losses in
the machine is most favorable at this operating point in order to minimize the total losses while
still producing the required torgue.

In the following presentation of analyucal results, the elfects of d-axis current on the machine
losses and efficiency will [irst be observed while 1ignonng the impact of the voltage constraints.
MNext, the dependence speed on these loss and elhciency charactenisties will be presented.
Finally, the mmpact of introducing the voltage constraints on the achievable efficiency
improvements will be investigated.
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Fig. 19: SPM2 machine performance characieristics using partial-load efficiency algorithm at 6000 rpm, all
as a function of [, : {a} machine efficlency; (b} loss component breakdown; (c) core loss location
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Predicted Efficiency Improvement without Voltage Constraint

Figure 19 presents the key SPM2 machine loss and elliciency characteristics as a function of
the rms d-axis current £, (alwavs negative in polarity) for constant torque (power) operation at
G000 rpm, the maximum speed. This torque value (see Fig. 19d) corresponds to 20% of the rated
torque for the 6 kW SPM2 machine. The magnitude of the d-axis current 1s varied between zero
and the machine’s characteristic current, which is in the vicinity of 30 Arms.

Figure 19a shows that the predicted efficiency of the SPM2 machine nses modestly from
90.2% when no d-axis current is apphed (£, =0) 1o a maximum predicted value of 95.7% when
the d-axis current 1s increased (1n negative polanty) to -22.5 Arms. While this increase 15 not as
large as the predicted elliciency mereases for the SPMYT machine. 1t does indicate that the partial-
load efliciency algorithm can have some benelicial impact in the $PM2 machine.

When the d-axis current is zero (i.e., only g-axis current is applied), the core losses represent
the dominant contributor to the total machine losses as shown in Fig. 19b. Increasing the amount
of negative d-axis current offsets the magnet fTux (i.e., flux weakening) and decreases the
resulting IMux density in the tecth and yvoke. This reduces the core losses in the stator teeth and
yoke as shown in Figs. 19b and 19c. On the other hand, Fig. 19¢ also indicates that the teeth-tip
losses [irst decrease up o d-axis currents ol approx. -10 Arms before starting 1o increase agan
when higher values of negative d-axis current are applied.
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Fig. 22: Predicted SPM2 machine loss breakdown as
a function of negative d-axis current for operation at

3000 rpm

1800 rpm

Fig. 23: Predicted 5PM2 machine loss breakdown as
a function of negative d-axis current for operation at

The copper losses (Fig. 19b) increase monotonically with increasing d-axis current but form a
small pereentage ol the total losses al high speed due to the dominance of the non-copper losses
which increase significantly at high speeds. Similarly. the magnet losses increase monotonically
with increasing amplitudes of negative d-axis current, although the combined copper and magnet
losses continue to be secondary contributors to the total losses for all values of I, .

The ellect ol combimng all of these loss components 1s the total loss curve in Fig. 19b that
features a distinet minimum at a particular value of d-axis current (-22.5 Arms in this case),
wenulying the maximum elliciency operating point. At this particular operating point, the
decrease in the stator tooth and yoke losses for an incremental increase in the negative d-axis
current 1s exactly olfset by the increase in the combined copper. magnel. and tooth tup losses.
Bevond this point, any further increase in the negative d-axis current results in a net loss
merease, lowernng the efliciency below 1ts peak value.

U'W-Madison P.B. Reddy and Prof. T.M. Jahns



1/ 1507

% | w_Loss| 195DC-Algorithm)|

A I, a8 i - | 1
Tk 1000 dees oagne  suog rin::ul:l i ” o _Lm&{ﬁmnﬂ-.ﬂglgmilhm}i : AT
E,w _ N e | - ’: 1 & _Loss(450DC-Algorithm) _— |
o . £ ™7« _Loss(700DC-Algorithm) | i
=15 = 700 DC Bus |-~ e 7 ] o
a0 & 450DCBus| t £ e s
=, | + 300DC Bus| | R e —
)35 1- === ol - &

Gl Uahe] g ® 1000 2000 3000 400 sano  ewo

Rpesd{xpan] Speed [rpm|

Fig 24: Minimum d-axis current for SPM2 machine.  Fig 25: Improvement of losses for 195, 300, 400, 500,
as a function of speed with de bus voltages of 195, 600 and 700 DC Bus constraint
0, 450, and 700 Yde

As the speed is reduced below 600K rpm, the iron and magnet losses drop so that the copper
losses become a larger fraction of the total machine losses. As a result, it is not surprising that
the predicted machine efficiency gradually increases as the rotor speed is decreased. Since the
iron losses become less important as the speed drops, another important observation for this
discussion is that the predicted efficiency improvement achievable from applying the partial-load
efficiency algorithm also gradually decreases at lower speeds.

Both of these trends are apparent in the set of parametric efliciency curves in Fig. 20 for four
rotor speeds. The positive conclusion derived from observing these curves is that the partial-
efficiency algorithm will provide a nel efliciency increase by adding negative d-axis current for
operation at all four speeds. On the other hand, the improvement becomes increasingly modest
as the speed is reduced. Looking at the two extremes of the speed range in Fig. 20, the
achievable cfficiency increase from its value for [, = 0 is approx. 5.5% at 6000 rpm,
corresponding o a loss reduction in the vicinity of 330 W. At the other extreme, the
corresponding efliciency mcrease at 1800 rpm 15 only 2.2%. This improvement looks even more
meager in absolute terms, corresponding to a loss reduction of only 40 W at this low speed.
(Note that the output power drops 1o 1.8 KW at 1800 rpm because the torque 1s held at 20% of its
rated value.)

Figures 21 to 23 provide loss component breakdowns as a function ol the negative d-aus
current for 4500 rpm, 3000 rpm, and 1800 rpm for comparison with the loss breakdown for 6000
rpm plotted 1n Fig, 19b. Consistent with the discussion above, 1t 18 very apparent that the iron
loss amplitude drops dramatically from approximately 550 W to 85 W for the 1. = 0 condition
as the speed 18 reduced from 6000 rpm o 1800 rpm. In contrasl, the copper losses are unchanged
because the torque output 1s being held constant.

Predicted Efficiency Improvement including Voltage Constraint

It is important to remind readers that the results in Figs. 19 1o 23 are all presented for
somewhatl idealized operating conditions because the impact of the inverter voltage constraint
has been 1gnored. As discussed earlier in this section using Figs. 17 and 18, the impact of the
finite dc bus voltage is to gradually increase the minimum value of negative d-axis current from
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Zere al low speeds (o a substannal non-zero value at high speeds. This means that operation with
1,...= 0 on the g-axis is unattainable above acortain finite speed.

The minmum value of neganve d-axis current at any particular speed in this elevatled range
maonotonically increases (in magnitude) as the bus voltage is reduced. The minimum values of
negative d-axis current are plotted in Fag. 24 for the SPA2 machine as a functuon of speed for
four values of de bus voltage ranging [rom 195 Vde 10 700 Vde. Considering the lowest voltage
curve for 195 Vdc, the mimmum negative d-axis current becomes non-zers for all speeds above
1800 rpm, rising 1o nearly -25 Arms at 6000 rpm. At the other extreme of bus vollage values,
operation with £, = 015 stll achievable over the full speed range up 10 6000 rpm when the de
bus voltage is raised to 700 Vde.

Returning to Fig. 194, the impact of the voltage constraint is that operation with low values of
negalive d-axis current on the nght side of this curve becomes increasingly restricled as the bus
voltage 15 reduced. For the case of operation at £000 rpm (worst case for this machine), the
operating poant Ffor maximum elTiciency in Fig. 19 with f, = -22 5 Ams becomes unreachable
if the bus voltage 1z reduced below approx. 250 Vde.

Bocavsc of this significant restriction on achicvable operating points imposcd by the linite bus
voltage constraint, the etficiency curves in Figs. 19a and 20 become somewhat misleading about
the amount of cfficicncy that can be actually demonstrated in the lab by applying the partial-load
efficiency algorithm. That is, claiming a2 5.5% efliciency increase at 600¢ rpm is misleading
unless the bus voltage is sufficiently high (i.c., in the vicinity of 700 Vdc} so that operation at
I...= 0 can be demonstrated as the baseline for comparison. A more realistic basis for
cvalvating the achicvable cfficiency increase (or, equivalently, loss reduction) at any speed is to
compare the efticiency/loss values at the maximum-etficiency operating point for that speed (ie.,
pcaks ot the curves in Figs. 19a and 209 with the cfficicncyflosses at the minimum d-axis current
operaling point achievable for the chosen value of dc bus voltage (Fig. 24). This seems
reasonable since this corresponds 1o the cfficicncy or loss improvement that can be actually
demonsirated in the lab during verification tests.

Using the approach described in the preceding paragraph, Fig. 25 plots the achievable
efficiency/loss improvement using the parhal-load efficiency algonithm as a function of speed for
the same four values ol dc bus voltage vsed in Fig. 24, The curve for 700 Vdo represents the
best improvement that can be achieved because, as noted above, the f,,, = 0 operating point 13
reachable at all speeds up to and including 6000 rpm.  Ag a rvesult, a predicted loss reduction
exceeding 300 W should be demonstrable in the lab at 6000 rpm with this high de bus vohiage.

Unfortunately, 70 Vde is much higher than the bus voltage values that are likely 10 be
available 10 the lab duning venficanon testing, and much higher than the bus voltage that this
machine was designed o use, which is much closer o 200 Vde. However, operation with a de
bus voltage of 195 Vdc 15 not an attractive option because the corresponding curve mm Fug 25
indicates that the operating range (or negative d-axis current is severely restricted (o the point
that the demonstrable leoss improvement drops to virtwally zero. The predicted loss
improvements that will be demonstrable with intermediate values of de bus vollage at either 300
or 450 Vdc fall between these two eXtremes. That 15, the loss reduction 15 non-zero at all speeds
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TABLE IV: PREDICTED CHANGE IN DC BUS CURRENT FOR LOSS IMPROVEMENTS IN FiG, 25

DC Bus 195V 300V 450V 700V
Speed

1800 rpm (.09 008 000G
3000 rpm 0.03

4500 rpm 0.00 0.09

G000 rpm -0.01 (.03

ol interest above 1800 rpm, but the amplitudes ol these loss improvements are signilicantly less
than what can be demonstrated using a 700 Vdc bus at speeds near the upper end of the speed
range.

C. Measurement of Efficiency Improvement using SPM2 Machine

A practical question that arises 1s whether the predicted loss improvements in Fig. 25 will be
conveniently measurable in the laboratory. This is a serious question because loss measurements
are very sensitive (o the accuracy of the available instrumentation, and accurate measurements of
input power at the machine terminals can be demanding because of the high-frequency PWM
wavelorms that are used.

One approach that 1s under consideration 18 o measure the de bus current as a surrogate [or
the machine input power. This is particularly practical il the measurement of interest is a
difference in machine input power for two operating conditions rather than its absolute value.
More specifically, assume that the output torque and power are being held constant by adjusting
the amplitude ol the g-axis current applied to the machine, 1f the amplitude of the d-axis current
1$ changed by the drive controller, two consecutive readings ol the dec bus current belore and
after the change could be used (o determine the change in the machine losses for these two
operating conditions. The raw value of bus power difference (equal to the product of the de bus
voltage and the change in the bus current, or V,.*Al) would have to be corrected lor the
predicted change in the inverter losses for these two operating points in order to isolate the
change in machine losses, but that correction can likely be achieved with reasonable accuracy
and conlidence.

Assuming that this 15 a reasonable approach 1o measuring the change 1n machine losses, the
next question is whether the predicted changes in the de link current will be measurable in
practice. With this question in mind, Table 1V has been prepared to show the predicted changes
in de link current that correspond to the loss improvement values plotted in Fig. 25 for different
combinations of de bus voltage and speed. (These values do not include any contnbution due o
the change in inverter losses that would have to be corrected.) One interesting point (o note is
that the changes in de link current are inversely proportional (o the de bus voltage lor any gmiven
loss value, so that the table values for 700 Vde are still relatively small even though the absolute
values of the loss improvements increase compared to the lower bus voltage values.

As a result of these combined effects, all of the table entries are less than (1.5 A, indicating
that careful mstrumentation will be required to capture these dillerences with sulficient
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Fig 26: Predicted reduction in de bus current Al;, by applying the partial-load efficiency algorithm to the
SPM2 machine as function of speed and de bus voltage.

confidence 1n the results.  In addition, high stability of the dynamometer operating poinis will be
eritical to successiully making these measurements.

The green cells in Table I'V are initial predictions of the current changes that are large enough
to be measured with reasonable conlidence in the laboratory, assuming carelul instrumentation.
More specilically, current changes less than 100 mA are considered to fall below the measurable
threshold from a practical standpoint.  On this basis, the table entries support the earlier
statement that the likelihood of being able to demonstrate any efficiency improvement with a dc
bus voltage ol 195 Vde is low. On the other hand, the lable entries suggest that loss reductions
will be measurable with careful instrumentation for higher bus voltages of 300 or 450 Vdc,

Figure 26 provides a graphical presentation ol the data in Table I'V. With the exception of the
curve for 700 Vdc, the predicted dc hink current reduction values decrease as the speed 18
increased above some threshold value. The speed at which each curve begins o drop is
consistent with the earhier discussion identifving the threshold speeds above which the minimum
value of negative d-axis current becomes non-zero (Fig. 24) because ol the vollage constranl.
restricting the efficiency improvement thal can be demonstrated for any higher speeds.

Assuming that a bus vollage of 300 Vdc can be used for the tests, the corresponding curve in
Fig. 26 indicates that the largest de current change (approx. 0.2 A) will occur in the vicinity of
3000 rpm. Above this speed, the impact of the vollage constraint becomes increasingly negative
on the demonstrable loss improvement using the partial-load efficiency algorithm, resulting in
the predicted drop in Al amphitude.

VII. Conclusions

This report has summarized the progress made to date in developing a new control algorithm
for surlace PM synchronous machines o improve their efficiencies during high-speed operation
under partial-load conditions. As described in the preceding sections, the basic concept for this
algorithm is rather stranghtforward for SPM machines, More specilically, negative d-axis current
is added o depress the magnetic fTux levels i the machine (i.¢., flux weakening) in order o
reduce the tron losses sulficiently o minimize the total machine losses. The lact that d-axis

LIW-Madison P.B. Reddy and Prof. T.M. Jahns 19



L1507

current does not contribute to torque production in SPM machines makes the application of the
algorithm particularly convenient since the torque amplitude and the flux weakening arc
controlled independently by the g- and 4-axis current values, respectively.

This report has descnbed the predicled results of applying this parbal-load efficiency
algonithm o two different fracuonal-slot concentrated winding (FSCW) surface PM machines.
For the 55 KW (peak} SPM/S machine, intreduction of the algorithm is predicted to have a
sigmficant beneficial tmpact in improving the pargal-load (20% rated load) efficiency,
particularly at speeds in the vicinity of the corner point speed. [n this speed range, the new
algonithm 1s predicied to rase the operatung efficiency by 6.5% compared 0 the baseline
maximum torque-per-Amp {MTPA] control algorithm.

Since the 55 kW SPM 1 machine has not been built, attention has subsequently been tumed to
the & kW SPA2 machine thal has been buill as a prololype machine for ORNL and is available
for testing. This SPAL2 machine also uses fractional-slot concentrated windings and shares many
features in common with the $PMT machine except thal its power density is much lower than
that of the SPAff machine.  As a result, the amplitndes of the individual machine loss
components (i.e., copper, iton, magnel losses) are noticeably different in the 1two machines,
including thewr percentages of the total losses in each machine.

Analytical results (rom applying the partial-load cfficicncy algorithm o the & kKW SPAM2
machine are somewhat mixed. Unlike the SPAMT machine, the analysis indicates that the benetits
of applying the partial-load cfficiency algorithm arc significantly Icss in the vicinity of the corner
point speed. More specifically, the predicted efticiency improvement at 1800 rpm resulting from
introduction of the algorithm is only 2.2%, down considerably from the 6.5% figure noted above
for the SPAfF machine., The primary reason for the difference is that the iron losses in the SPAS2
maching arc signilicantly lower in the SPM2 maching since the iron is oot pushed as lar into
saturation as in the SPMT machine, which was designed (0 maximize s power density. 5Since
the iron losses arc significantly lower in the SPM2 machine without the partal-load cfficicney
algorithm, there 15 less improvement that can be achieved by introducing the algorithm.

Despate thig limatation imposed by the design charactensucs of the $PAM2 machine, there 1s
snll reason for optimism that the basic valdity of the algonthm can sall be demonstrated in the
laboratory using the prototype SPM2 machine. As discussed in Section VI of this report, the
success of this testing will depend on the availlability of approprniate instrumentation n the
laboratory to accurately measure and confirm the expected modest efliciency improvement
assoclated with acovation of the partal-load efficiency algorithm.  Even though the loss
reduction 13 small in the S$PM2 machine, 118 successtul verification will build confidence in our
ability to achieve much larger efficiency improvements in more aggressively-designed machines
such as the $PM! machine whenever they might be built in the future.

[n light of this discussion, key results of this investigation can be summarized as follows;

+ The partial-load cfficicncy algorithm is designed 10 improve the operating ctficicney of

SPM machines under partial-load operating conditions by using negative d-axis current o

reduce the magnetic MMux amplitude in the machinge stator and rotor iron, thereby reducing
the machine’s iron losses.
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* On the basis of the analytical results accumulaled to date, the partial-load efficiency
algorithm 15 capable of improving the bascline machine officicney using maximum torque-
per-Amp control by 5% of more in some SPM machines when operating in the vicinity of
the corncr point specd,

+ All SPM machines will ot be equally good candidates for introduction of this partial-load
elficiency algorithm. The best candidates are expected to be SPM machines that have been
designed w achieve high power densines, resulting in high magnetic flux densines n the
machine stator and rotor iren that significantly increase the ivon losses during MTPA
control operaton,

Al the time ol this teport submission, plans are stll in place W test the protolype SPM2
machine dunng the first quarter of 2007 1 order to investgate the operating charactenstcs of
the machine when the partial-load efMiciency algonthm is activated. [t is hope that this testing
will provide the desired expenmental venhcation of this concept as well as vielding deeper
ingights into hiww the algorithm can be applied most elfectively in Mfuture SPM machines.
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