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Stator Lamination and Winding 
– 2004 Toyota Prius



Rotor Lamination –
2004 Toyota Prius

Groove for 
Permanent Magnet

Q Axis D Axis



2D Structure 3D Structures

More Complex Design:  
Stacked PM Rotors with 
Offset

Actual Prius Motor



Objectives

• Analytical vs. FEA Approach
• Proposed Method  

– Geometry creation
– Reduced FEA modeling techniques
– Distributed computing
– Equivalent Circuit Model

• Complete system analysis
Basis: 2004 Prius IPM motor



Analytical Method

• Based off of Xd and Xq

• Non-Linear permeability 
is needed

• How to accurately take 
into account for local 
saturation?
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Transient FEA

• Method of choice
• Dynamic effects
• Voltage sources



Transient FEA

• Method of choice
• Dynamic effects
• Voltage source

FEA is the only method to 
accurately account for local 
saturation



Transient FEA
• Time consuming when analyzing the full 

operating spectrum of the load angle
• During design phase, many topologies are 

considered

Speed = 3000 rpm
d = 20 degree



Trade Offs for IPM Analysis

• Analytical
– Fast
– Calculation of Local 

Saturation is Challenging 

• Transient FEA
– Accurate
– Time consuming



Proposed Solution

• Equivalent Circuit Model
– Static FEA Solutions
– System Simulator

• Reduced modeling techniques
• Distributed computing

Ideal during the design phase of 
2D & 3D structures



Geometry Creation – User 
Defined Primitives (UDP)



Geometry Creation – User 
Defined Primitives (UDP)



Single-layer 
lap winding

Double-layer 
lap winding

DC winding

Lap winding with 
coil pitch=1Concentric 

winding

UDP for Arbitrary Winding 
Configurations



Available UDP’s



ECE Method 1

Create a State Space type model from a 
magnetostatic FEA parametric solution

IA
IB
IC

QQQQ

Input Variables

Output Parameters
- La, Lb, Lc
- llll a, llll b, llll c
- Torque



System Representation

Where:

Torque

Theta

B
ac

k 
E

M
F

Inputs:
Ia, Ib, Ic, Theta

Outputs:
EMF: Va, Vb, Vc
Torque

Current
Ia, Ib, Ic



ECE Method 1
• All possible combinations of input variables
• Sweep Three Phase currents

• IA, IB, IC: Sweep +/- Peak: 5-9 steps
• Rotor Angle: 0-90 deg: 31-61 steps

• Total number of solution:
• 5 * 5 * 5 * 31 = 3875 ... minimum 
• 9 * 9 * 9 * 61 = 44469 ... higher fidelity



ECE Method 1
• All possible combinations of input variables
• Sweep Three Phase currents

• IA, IB, IC: Sweep +/- Peak: 5-9 steps
• Rotor Angle: 0-90 deg: 31-61 steps

• Total number of solution:
• 5 * 5 * 5 * 31 = 3875 ... minimum 
• 9 * 9 * 9 * 61 = 44469 ... higher fidelity

2D ~1 minute per solution:  2.5 – 31 days
3D ~30 minutes per solution: 81 – 926 days



• Assume Wye connected winding
• IA = Im * cos(QQQQ * PolePairs - bbbb )
• IB = Im * cos(QQQQ * PolePairs - bbbb – 120)
• IC = Im * cos(QQQQ * PolePairs - bbbb – 240)
• Let phi = QQQQ * PolePairs - bbbb

• Independent

Proposed Method

IA

IB

IC

Iy

Ix

• Dependent



Proposed Method, Full Sweep
• Im from 0 to Imax: 4-9 steps
• phi form 0 to 360 deg: 12 steps
• Rotor Angle: 0-90 deg: 31-61 steps
• Total number of solutions:

• 4 * 12 * 31 = 1488 ... Compared to 3875
• 9 * 12 * 61 = 6588 ... Compared to 44469

Can further be improved for rapid design



Periodic Flux Linkage

Waveform can be reconstructed from 15 deg

15



Periodic Flux Linkage

Waveform can be reconstructed from 15 deg

15



Periodic Torque Ripple

Waveform can be reconstructed from 15 deg



The Power of Scripting

15
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The Power of Scripting
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Flux CFlux BFlux ATorque

VB Script

Java Script
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User Defined Simplorer Models



User Defined Simplorer Models



Optimized Input Variations

• Im from 0 to Imax : 4-9 steps
• beta form 0 to 330 deg: 12 steps
• Rotor angle: 0 to12/14 deg: 5-10 steps
• Total number of solutions:

• 4 * 12 * 5  = 240 ... Compared to 1488
• 9 * 12 * 10 = 1080 ... Compared to 6588

Good for rapid design using DSO



Maxwell 3D DSO Setup

Each Design has 108 variations for 
a total 1080 total variations

Just click on Analyze All!



DSO – Distributed Solve Option

…
…

Paradigm shift:
Old:  1 computer to 1 engineer
New:  n number of CPU’s to 1 engineer

Host

Nodes
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Torque

    IPM_SM.Torque_OUT

ICA: Turns := 72
PP := 4
delta := 0

phi := delta * pi/180

V_DC := 200

RPhase := 17mL_End := 1u

speed_rpm := 3000

freq := speed_rpm * PP*2 / 120

period := 1/freqICA:
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RA
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ECE - LINKECE - LINK

Im_IN

beta_IN

TTheta_IN
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ImImImIm bbbb
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ImImImIm bbbb

TR
Probe

PhA_IProbe

TR
Probe

Torque_Probe

Turns := 72
PP := 4
delta := 90

phi := delta * pi/180

V_DC := 200*0

RPhase := 170k
L_End := 1u

+ 

V

TR
Probe

V_Line_Line

speed_rpm := 6000

freq := speed_rpm * PP*2 / 120

period := 1/freq

V_DC*cos(PP*(Rotor.PHI-pi/12)-phi)

V_DC*cos(PP*(Rotor.PHI-pi/12)-2*PI/3-phi)

V_DC*cos(PP*(Rotor.PHI-pi/12)-4*PI/3-phi)

FL_PMA_OUT

Torque_OUT

FL_PMB_OUT

FL_PMC_OUT

Simplorer ECE Circuit



Simplorer ECE Circuit

macro model

ImImImIm bbbb

A B CA B CA B CA B C

ImImImIm bbbb

A

IA

A

IB

A

IC

EQU

Im := sqrt(Ix^2 + Iy^2)*Turns / 1.5

Iyc := IC.I * sin(4*PI/3)

beta := (atan2 (Ix, Iy)) * 180/PI

Ixb := IB.I * cos(2*PI/3)

Ixc := IC.I * cos(4*PI/3)

Iyb := IB.I * sin(2*PI/3)

Ix := Ixa + Ixb + Ixc

Iya := 0Ixa := IA.I

Iy := Iya + Iyb + Iyc
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Line to Line Back EMF

Simulated

Measured



Line to Line Back EMF

Simulated
Tran. FEA
Equiv. Ckt.

Measured:
250 V/div



Back EMF vs. Speed

• Computation Time
– Transient 2D FEA:  ~4 Hours
– Equivalent Circuit Method 2D: 10 min

Simulated vs. Oakridge Testing - BEMF, 2004 Prius  IPM
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Sweep Load Angle; 
Speed Held Constant at 3000 rpm

Solution Time: 1 Hour
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Future Work:
Complete System Analysis



ET1

ET2
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d-q-Current Controller

Speed Control
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M_LOAD

 Phase Transformation / Control Signal Generation by Space Vector Modulation 

G(s)

GS2

I

I_id

GAIN

id

LIMIT

yq

UL := 10

LL := -10

LIMIT

yd

UL := 10

LL := -10

GAIN

P_id

KP := 1.96

G
(s

)

GS1

I

I_n

KI := 29.02k
UL := 10

LL := -10

GAIN

P_PART_n

LIMIT

m_ref

KP := 0.1161k

IGBT1 IGBT2 IGBT3

IGBT4 IGBT5 IGBT6

CONST

id_ref

KI := 240

GAIN

P_Iq

KP := 1.96

I

I_iq

KI := 240

ICA: EQU

PI3:=pi / 3.

P18:=pi / 180.Tp:=1./fp

wu32:=sqrt(3.) / 2.

kA:=0.1

wu3:=sqrt(3.) gam1:=0.

fp:=10k

tx:=0 costhe:=cos(theta_el)

yalph:=costhe * yd.VAL - sinthe * yq.VAL

i1q:=i1beta * costhe - i1alph * sinthe

i1d:=i1alph * costhe + i1beta * sinthe

ybeta:=sinthe * yd.VAL + costhe * yq.VAL

sinthe:=sin(theta_el)

theta_el:=SYMPOD1.PHIDEG * P18

i1beta:=(SYMPOD1.I1A + 2 * SYMPOD1.I1B) / wu3

theta_m:=theta_el / 3.

i1alph:=SYMPOD1.I1A

SET: k:=k+1 SET: gam1:=gam1

SET: kr:=(k-1)*PI3

SET: kl:=k*PI3

kl <= gam1

true

t-tx >= Tp

kr <= gam1 and kl > gam1

yalph > 0 and ybeta >= 0

SET: tx:=t SET: k:=1yalph = 0 and ybeta = 0PRI := 1

(ybeta > 0 and yalph <= 0) or (yalph < 0 and ybeta <= 0)
ybeta < 0 and yalph >= 0

SET: gam1:=pi-ASIN(ybeta/y)
SET: gam1:=2*pi+ASIN(ybeta/y)true

true

A126
SET: z3:=0

SET: z6:=1

B345
SET: z6:=0

SET: z3:=1

A234
SET: z1:=0

SET: z4:=1

B246
SET: z5:=0
SET: z2:=1

A135
SET: z2:=0

SET: z5:=1

B156

SET: z4:=0

SET: z1:=1

A123 SET: z3:=1

SET: z4:=0SET: z1:=1

SET: z6:=0

SET: z5:=0SET: z2:=1

E456 SET: z2:=0
SET: z6:=1

SET: z1:=0

SET: z3:=0

SET: z5:=1

SET: z4:=1

t-tx >= t02+tr+tl

t-tx>=t02 and k=2

t-tx >= t02+tr+tl

t-tx>=t02 and k=4

t-tx >= t02+tr+tl

t-tx>=t02 and k=6 t-tx>=t02 and k=5

t-tx >= t02+tr+tlt-tx >= t02+tr+tl

t-tx>=t02 and k=3

t-tx >= t02+tr+tl

t-tx>=t02 and k=1

B234

SET: z3:=1

SET: z6:=0
A246

SET: z4:=1
SET: z1:=0

B135
SET: z4:=0

SET: z1:=1

A345

SET: z5:=1

SET: z2:=0

A156
SET: z3:=0

SET: z6:=1

B126
SET: z2:=1

SET: z5:=0

t-tx >= t02+trt-tx >= t02+trt-tx >= t02+tr t-tx >= t02+tr t-tx >= t02+tr t-tx >= t02+tr

E123

SET: z6:=0

SET: z4:=0

SET: z3:=1

SET: z5:=0

SET: z1:=1

SET: z2:=1

A456

SET: z4:=1

SET: z5:=1

SET: z6:=1

SET: z1:=0

SET: z3:=0
SET: z2:=0

SET: tl:=kA*y*Tp*sin(gamr)

SET: gamr:=gam1-kr
SET: tr:= kA*y*Tp*sin(PI3 - gamr)

SET: t02:=(Tp-tr-tl)/2

k=2 or k=4 or k=6 k=1 or k=3 or k=5

SET: k:=0
true PRI := 1

t-tx >= Tp and k = 0 SET: tx:=t

SET: gam1:=ASIN(ybeta/y)

true

true

t-tx >= Tp

y:=SQRT(SQU(yalph)+SQU(ybeta))

V0 := 0.55k

if (y>10.) {y:=10.}
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Im_IN
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FL_PMA_OUT

FL_PMB_OUT

FL_PMC_OUT

Torque_OUT

Complete System 



Conclusions
• New Methodology

– Reduced Modeling Techniques
• Ia, Ib, Ic, Q � Im, Q, b

– Distributed Processing
• FEA during Design Phase: Rapid Design
• Very Good Accuracy
• Same Methodology for other Motor Types  
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