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Field Oriented Control in Real Time

Axis of

Low Torque phase b Fotor

direct

Medium Torque

High Torque

Axis of
phase a

Interrupt:
Measure rotor flux angle
Regulate current vector to be 90° wrt rotor flux

Stator g SR
winding
i Interrupt:
Currents Axisof Measure new rotor flux angle
phase ¢ .
Regulate current vector to be 90° wrt rotor flux
Exit ISR

Constant Constant
w (for now)
Interrupt:
Measure new rotor flux angle

t
TO rque — g g I:/Idr I qS ] Egﬁl:lsaée current vector to be 90° wrt rotor flux

Adjustable

TTorque expression based on amplitude invariant form of Clarke Transform.
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Establishing Space Vector Conventions

Direction of positive rotation
Direction of positive speed
Direction of positive torque

Phase A leads phase B
Phase B leads phase C
Phase C leads phase A

Motor shaft axis
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How Do You Control Torqgue
on a DC Motor?

‘w éw Brush DC Motor
d gnal Power Z .
Desire Current + Error Signa W Stag . l : —
Measured Current ' ADCL| (i ‘

Commutator keeps
1. Measure current already flowing in the motor.

rotor and stator fields
properly aligned!

2. Compare the measured current with the desired current, and generate an error signal.
3. Amplify the error signal to generate a correction voltage.

4. Modulate the correction voltage onto the motor terminals.

Torque=K i
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1. Measure currents already flowing in the motor.

A, B, and C axes are “fixed” with
respect to the motor housing. This
reference frame is also called the
“stationary frame” or “stator frame”.

Only 2 phases are measured!
WHY?

Controller —’ib
with A/D .

- ¢

avewison  T| Spins Motors...Smarter, Safer, Greener. 3 Texs



2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

Commanded T 5 £ FEMOr
The desired phase currents i
can be calculated via these B
equations:

i =-1_sin(0,)
lb‘ — —[m Slﬂ(@i _ ]200)

i =-1_sin(6, —240°)

.....

I 1s proportional to motor torque
@, 1s the angle of the rotor flux

So how do we get the rotor flux angle?
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2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

Usually accomplished with a
resolver or encoder.
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2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

The CLARKE transform
allows us to convert
three vectors into two
orthogonal vectors that
produce the same net
vector.

> A

In other words,
convert a 3-phase
motor into a 2-phase
motor. This is the Amplitude
Invariant form of the

Forward Clarke Clarke Transform
AP a=A a p

56060 0 Wi AN,

ee——
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. Stationary Frame Servo i

Trackrng a rotatrng reference srgnal
from a statronary frame Is tedious!
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Synchronous Frame Servo

Tracking a rotating reference signal in
the same rotating frame is easy!
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Take the “Coffee” Test

1. Give your coffee a
good stir so that
bubbles form on
the surface.

2. Holding the cup as
shown here, spin
around in the same
direction that you
stirred the coffee.

3. As soon as you
reach synchronous
speed, the bubbles
stop spinning.
Why?
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2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

Jump up on the
rotating reference
frame, whose x-axis
Is the rotor flux axis.

This Is called the
Park Transform

a p

Iy =1,C0860, +1,sIn0,
W |, =—1,SIN6, +1,C0s0,
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2. Compare the measured current (vector) with the desired
current (vector), and generate error signals.

id and iq are handled independently. Since the comparison is

performed in the synchronous frame, motor AC frequency is not
seen. Thus, they aréﬁ:%uantities!

Under normal conditions, we have all
the flux we need supplied by the lg (commanded) + error (t)
permanent magnets on the rotor. So >

commanded i, is set to zero. M

id (measured) ‘

This is how much torque we want! 1 4 (commanded) -I:Q errorg (t)

»

iq (measured) ‘

id can be used to weaken the field of the machine.
L, controls the amount of torque generated by the motor
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3. (Finally!) Amplify the error signhals to generate correction voltages.

Commanded |

Measured |

Commanded |,

Measured |,

Ka = L-Current Bandwidth (rad/sec), K, = R/L

Motor Rd Rq Lg

PMSM Rs Rs Ls Ls
L2 L 2
ACIM Rs Rs+Rr L[ 1- m L 1——m
LrLs L Ls

IPM Rs Rs Ls d Ls g

-
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4. Modulate the correction voltages onto the motor terminals.

Before we can apply the 9%
voltages to the motor

o Voltage vector

windings, we must first B

jump off of the rotating B

reference frame. g axis rotor fwCX
02

Part A. Transfer the
voltage vectors back to
the stationary rectangular
coordinate system.

V, =V, C0s8, —V,sind, <
0 VySING, +Vv, coso, W
v *
i3 TEXAS
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4. Modulate the correction voltages onto the motor terminals.

Part B. Next, we
transform the voltage
vectors from the
rectangular coordinate

system to three phase
vectors.

__ Voltage Vector

Reverse Clarke Transformation
A=«

B=-ta+p
C——% SREN
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Phase A -

4. Modulate the correction voltages onto the motor terminals.

| Phase A -
Phase B -

top ||
| |

bottom

LI

| |

uunll

top

Phase B -
Phase C -

bottom

top_'|||

[ TTTTTI

[

[ 11

L L L

Phase C -

Dave Wilson

bottom

[ T1

Over time, under steady-state conditions, the correction voltages
V,, Vi, and v, will be sine waves phase shifted by 120°.

i3 TEXAS
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FOC In a Nytshell

Reverse
Clarke-Park
Transforms
—= >
A A(V lB 1;1
(Vq d v+ i Forward —»
+— “{Clarke-Park Iy
1, |Transforms >

. \_ N
Desired Torque ;@ PI e
A
Desired Flux ;fi\ $—

i3 TEXAS
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Space Vector Modulation

* PWMs treat each phase individually.

* SVM treats the inverter as ONE unit!! | -
- ALL 6 switches affected. N UJL: N
« PWMs control the phase voltages. B n B
»120° offsets between A, B, and C. J'Q J'Q J'Q
* SVM controls the Voltage Vector.

The inverter can be driven to 8 states.
¥ state (O
V1 =001 V3=011 V2 =010
A
D bk B B
- 6 voltage

(\.-'D S, Pi:l_. g, ___________ vectors V6=110 V4 = 100 V5 = 101

FEE O ERE

VO = v7=11
- - 2 null vectors 1=Top Switch is on
. 0 = Bottom Switch is on
Source: Mahmoud Riaz, Sc.D., Professor of

Electrical Engineering, Department of Electrical and
Computer Engineering, University of Minnesota
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Space Vector Modulation

VI V3 V2 V6 V4 V5 V1 V2 V3

5 %&
9‘{:‘:‘:‘: . % m.
0,000 Vet iiRay oyl b le gV e
R R LY e
R RN 30
RN BN ST, A o
V6 180° * & AT T * 0oV1
e N
B 3 ““wﬁ':'" % Ea

RS

0 60 120 180 240 300 0 Vector D|ag ram
“6-Step” Voltage Waveforms

Output voltage vector created by repeatedly switching between adjacent vectors and the “null” vector
(all three phases high or all three phases low).

ﬂi’ Output angle 6 determined by relative “on” time between two adjacent vectors.

‘ﬁf{ Output magnitude determined by relative “on” time between two adjacent vectors and the null vector.
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SVM Implementation

» Vref, is created by the two adjacent
state vectors V,, V,, and a null
vector in a time averaging fashion:

VrEf = VX.TI + Vy.Tz + Vnu”.TO

Where: V, = lowest angle voltage vector
V,, = highest angle voltage vector

If Vref is represented in POLAR notation (m/q):

T1 = Tem*SIN(60 - o) Example vector reconstruction in sector 1.
T2 = TemSIN(a.)

SWITCHING PERIOD
TO=T-T1-T2 T

P »
<« »

m = vector magnitude (0 to 1)

o = vector angle between Vref and Vx (0 to 60°) ---
T = switching period ‘ \
T1 T2 TO

avewison  T| Spins Motors...Smarter, Safer, Greener. 3 Texs



SVM Variations

e Choice of Null vectors effects SVM waveform creation
and switching performance but motor still sees sinusoidal
waveform at its phases.

NULL=VO0

NULL=V7/

08 1 0.8 A

06 1 0.6

04 A

0.2 1

0

0

60

A

120

180

B

240

300

C

360

0.4 1

0.2 A

60

120

180

240

300

360

Good choice when reduced switching losses
are desired in an inverter with
high-side bootstrap circuits.
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SVM Variations (continued)

Null = V7 in sectors 1,3,5 Null =VO0 in sectors 1,3,5
Null = V0 in sectors 2,4,6 Null = V7 in sectors 2,4,6

0 60 120 180 240 300 360 0 60 120 180 240 300 360
A B C A B C
1
0.8
Null = alt-rev 06 7 « Similar waveforms
(null alternates every sequence ©4 1 to Third Harmonic
and sequence reverses.) 02 1
) -
MOSt p Opu&lffb rm QfS(VM 0 60 120 180 240 300 360
A B C
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SVM Using Center-Aligned PWMs

PWM Period

\ 4

A

V|| Y| % | % | % | %% %%,

»
»

n <
» <

[
»

Ll b ||t |t |b|b|t]|

» » <& »
» € » N >

A

d
<

v

Alternating-Reversing Sequence

Check out http://www.ipes.ethz.ch/ipes/Raumzeiger/e RZ4.html for a neat SVM animation!

avewison  T| Spins Motors...Smarter, Safer, Greener. 3 Texs


http://www.ipes.ethz.ch/ipes/Raumzeiger/e_RZ4.html
http://www.ipes.ethz.ch/ipes/Raumzeiger/e_RZ4.html

SVM with PWMs

Procedure for implementing STM with Center-Aligned PWM Module

1 Check which sector the Vref vector is in. (5 compares)

Dave Wilson

2 Calculate T1, T2, and TO from block below. (3 multiples)
3 Adjust PWMs High times based on table below. (1-3 additions)
V7in135 Alternating
_ _ ndio, V0in1,3,5 Reversing
Null'= V0 NUll=V7" voin246 V7in 2,4,6 Sequencing
U=TL1+T2 U = 100% U = 100% U=T1+T2 U=T1+T2+.5T0
Sector 1| V=T2 V=T0+T2 | v=To+T2 | v=T2 V = T2+.5T0
W=0 W =TO W =TO W=0 W = .5T0
T1 = Teme°SIN(60 - o)
Uu=T1 U=To+T1 | U=T1 U=T0+T1 U=T1+.5T0
T2 = Tem°>SIN(a) Sector2 v=T1+T2 | V=100% | V=T1+T2 | V=100% | V=T1+T2+.5T0
TO=T-T1-T2 W=0 W =TO W=0 W =TO W = .5T0
Uu=o0 u=TO Uu=TO Uu=o0 U=.5T0
Sector3 v =T1+T2 V = 100% V = 100% V =T1+T2 V = T1+T2+.5T0
W=T2 W=T0+T2 | W=T0+T2 | w=T2 W = T2+.5T0
Uu=o0 Uu=TO Uu=o0 Uu=TO U=.5T0
Sector4 v =T1 V =TO+T1 V=T1 V =TO+T1 V =T1+.5T0
W=T1+T2 | W=100% | W=T1+T2 | W =100% W = T1+T2+.5T0
Uu=T2 U=T0+T2 | U=T0+T2 | U=T2 U=T2+5T0
Sector§ v =0 V=T0 V=T0 V=0 V =.5T0
W=T1+T2 | W=100% | W=100% | W=T1+T2 | W=T1+T2+5T0
U=T1+T2 U = 100% U=T1+T2 | U=100% U=T1+T2+.5T0
Sector§ v=0 V=T0 V=0 V=T0 V =.5T0
W=T1 W=T0+T1 | w=T1 W=TO+T1 | W=T1+5T0

Note: All calculations referenced to top switch
Source: Understanding Space Vector Modulation,

Tl Spins Motors...Smarter, Safer, Greener.

by Peter Pinewski, EDN Products Edition, March 7, 1996
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Sinusoidal Modulation -
Limited Amplitude

In sinusoidal modulation the amplitude is limited to half of the DC-bus voltage.

The phase to phase voltage is then lower then the DC-bus voltage (although such
voltage can be generated between the terminals).

UDC—BUS

w]r “ ~

PWMZJl\ A PWM4J|\ PWM6 I\ A
b 2\ p\

]

% Animation Source: Leos Chalupa
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Full Phase-to-Phase Voltage Generation

* Full phase-to-phase voltage can be generated by continuously shifting the
3-phase voltage system.

 The amplitude of the first harmonic can be then increased by 15.5%.

lvv
phase-phase

U

PWMZJl\ PWM4 f P f
P\ ) P\

% Animation Source: Leos Chalupa
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How to Increase Modulation Index

« Modulation index is increased by adding the “shifting” voltage u, to first harmonic.

« “Shifting” voltage u, must be the same for all three phases, thus it can only contain
3" harmonics!

Animation Source: Leos Chalupa
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SVM with Field Oriented Systems

vy Recall: We could calculate “m” and “o.”’:

T1 = TemeSIN(60 - )
_________ T =T-$°SIN(OL) ’ m = \/ \Z )2 +(p)
Ly, TO=T-T1-T2 VP

V o =1tan ——
Va X Va

A

...but with FOC, we don’t have
POLAR notation. We have

RECTANGULAR notation Or...
(Va and VB).

We could use a simple procedure designed

Reference Voltage Vector specifically for RECTANGULAR notation:
g VaComponents of thev;Stator Reference Voltage Vector
% §§ b A N r\ // 1. @erform modified inverse Clarke-
02 \ / transform on tlie voltage vector
02 N N/ / 2. Calculate 'wliu:{i s.ector the
08 o X voltage vector is in
19, 60 120 180 240 300 360 3. Determine T1, 12, and T0
i 4. Directly calculate the PWM
@ @ Q@ @ J@ 6@ register values
Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

pavewison  T| Spins Motors...Smarter, Safer, Greener. 3 Texas
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1. Perform Modified Inverse
Clarke Transform




2. ldentify the correct sector
based on I, |, and k variables

a. Calculate the following expression:
N = sign(i) + 2 sign(j) + 4 sign(k)
where sign(+) =1; sign(-) =0

b. Use look-up table below to determine the sector from the value of N

N = 1 2 3 4 5 6

Sector = 6 2 1 4 5 3

Alternatively, you can determine the sector by using IF THEN statements to check the polarities of i, j, and k.

t j 3
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3. Based on't

ne sector, determine T1, T2, and TO

Sector— 1 2 3 4 5 6
Bounded by: (Ug-Uso) (Ugo-U120) (U1207U1g0) | (U1gg-Ussg) (U240-Uszg0) (Uzp0-Up)
T Ll L] L] o
Tl J R, J -7 R J
T . L] L] L]
T2 j - R, 5 i R,
TO 1 Tl T2 V7in 135 Alternating
= —_ —_ _ _ n 1,5, V0in1,3,5 Reversing
Null = vo Null=V7" voin24,6 V7in2,4,6 Sequencing
U=T1+T2 U = 100% U = 100% U=T1+T2 U =T1+T2+.5T0
Sectorl] V=T2 V=TO+T2 | V=TO+T2 | V=T2 V = T2+.5T0
W=0 W=T0 W=TO0 W=0 W = .5T0
Uu=T1 U=To+TL | U=T1 U=T0+T1 U=T1+5T0
Sector 4 v =T1+T2 V = 100% V =T1+T2 V = 100% V = T14T2+.5T0
4 Load the PWM W=0 W =T0 W=0 W =T0 W = .5T0
' u=o0 U=TO U=TO u=o0 U=.5T0
. Sector3 v =T1+T2 V = 100% V = 100% V =T1+T2 V = T1+T2+.5T0
registers based on wots | woTorme | wetorrz | wets o | weToreto
. Uu=0 Uu=TO u=o0 Uu=TO U=.5T0
th|S table Sector4 v=T1 V=T0+TL | v=T1 V =TO+T1 V =T1+.5T0
W=T1+T2 | W=100% W=T1+T2 | W =100% W = T1+T2+.5T0
Uu=T2 U=TO0+T2 | U=TO+T2 | U=T2 U=T2+5T0
Sectory v=0 V=T0 V=T0 V=0 V =.5T0
W=T1+T2 | W=100% W=100% | W=T1+T2 | W =T1+T2+.5T0
t Recall that T1 always applies to V, (the Sector d U = T1+T2 uf 100% U = T1+12 | U = 100% U = T1+T2+.5T0
. ) Sector§ v=0 V=T0 V=0 V=T0 V = .5T0
most clockwise vector), and T2 applies to V, W=T1 w=To+T1 | w=T1 W=T0o+T1 | W=T1+5T0

(the most counter-clockwise vector) for any

given sector.

Note: All calculations referenced to top switch
Source: Understanding Space Vector Modulation,

by Peter Pinewski, EDN Products Edition, March 7, 1996
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Axis Coupling

MOTOR STATOR MODEL

<?> Rs

S
+

K
. -
&S >
4 +
i.c. Flux_sd
Flux_fd—
»—Speed
lux_sq
1/L q
i.c.
A4
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Current Regulator Decoupling

Permanent Magnet Motors

Commanded 1, + $ K
Ok

+

&
I
%

L] V -
Commanded zq - g compensation
> K l
+
+
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Too Much Flux???

The larger the flux, the higher the dA/dt is for a given speed.

dA/dt is voltage, so the back-EMF is higher for a given speed.
When the back-EMF amplitude reaches the bus voltage, current goes to zero.
When current goes to zero, torque goes to zero.

Therefore, the motor cannot go any faster...all because of too much flux.

V[wmech]

130v

. / Speed

-20¥
12¥

\ Torque

-1v
1.2
1.0V ~canl
0.8y /-
o/ Flux
0.4Y~ /
0.2v+ /
0.0v |" f f f f f f f
s 25 4s bs s 105 125 145

Vtem]

V(flux_rd)
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Weakening the Field...LUT

Rated Speed

Speed

ison  T| Spins Motors...Smarter, Safer, Greener. ¥3Texas



Weakening the Field...Voltage Limit

Max Limit
(_\/
Ve >_( ? S () | I
,? ,\XJ , .
+ N\
Slew Value Min Limit

“1 ” or “0”

Vd is given 18t dibs on available voltage
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Flux Means More Speed

Speed

Previous Speed Limit

/ T Observe how the flux is weakened

| Flux B
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Speed-Torqgue Performance of
Induction Motors

Pull-out Torque

g AN
o}
2 N\
g = \
B \
o 10 “\ e —
) Starting Torque
=4
o
\ I
\ _
\ P

\a

. 1.0 .
% Synchronous Speed
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Stator and Rotor Fields

Motor mode o <o Generator mode o >0

Source: Mahmoud Riaz, Sc.D., Professor of Electrical Engineering, Department of Electrical and Computer Engineering,
University of Minnesota
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ACIM Circuit Representation with
Arbitrary Turns Ratio “a”

I Ja)(l—s_al—m) ja)(aer_aLm)
O we Y'Y AYY L

a’r

S

r

joal, =

O

General equivalent circuit showing arbitrary value of referral ratio “a” (a=1
corresponds to a turns ratio of N./N,, which yields the conventional circuit.)

If the actual value of rotor current isn’t required, ‘a”
can be any value except zero or infinity, resulting in

an Infinite number of possible circuits!
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ACIM Circuit Representation with
Turns Ratio a=Lm/Lr

» Torque current
q

Rotor Flux e Rotor leakage reactance now lumped
current ;i rcurren , .
re jX', with mutual and stator leakage reactances!
wy P T
+ —_— 7 —_— +

This implies that a I s¢ L r
reference frame A) j ..
exists where the sT L _r L 2
stator current can ""/ L m m = m7',
be resolved into s J —X —E rey—y -
torque current L r L L r ' 25
and flux current. r

Equivalent circuit showing torque component (/,7) and rotor flux
component (/g4) of stator current

Source: Vector Control and Dynamics of AC Drives, by Don Novotny and Tom Lipo, Oxford University Press, 2000
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Torque Production in an ACIM

~ L ~ ~
| =——" 1
4 I
rotor current Stator current is resolved
into flux producing and
torque producing
One expression for torque is the components.
cross product between the rotor
current and the rotor flux, Rotor flux is NOT fixed
w.r.t. rotor. It is

“asynchronous” to rotor
position.

PEI 3P - 3_L
T, =3 e :Z\Zz&(&ﬁ‘l_mls"’) :IST =2 :IS¢IST

rotor flux.  rotor current

P is the number of poles
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Dynamic Response of Rotor-
Referenced FOC

Step change in iy Step change in iy
. Ly LAy, IK
My = M, s
“«— . —>—> < ®
Iqr Iqs Iqr Iqs
\ 4 IdS ) 1 IdS
Al |
M ﬂ’dr 1 ﬂ’dr
Ay | S
v I
Rotor current (and thus torque) are Rotor flux (and thus torque) are
instantaneously changed. gradually changed.
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ACIM Slip Frequency Calculation

mmmmmmmmm

- - Encoder

Recall that the rotor flux sweeps
across the surface of the rotor at a
speed equal to the slip frequency, i.e.,
it is “asynchronous” to the rotor.

-
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A\ 4

-U
+
<+—

. + \/
Commanded ir $> d
(flux) -

Commanded { "l j Reverse
q —>
(torque) Clarke-Park
> p > P g Transform
Commanded " "
Rotor +
Speed + @_0 C Vq Od
- “ j
< > > | > I
2
Speed Forward i
Calculator Clarke-Park &
Transform i -
Z —
Commanded if Slip 0
> Slip |Frequency + Z d
Commanded %, |Calculator
> +
Actual Rotor Angle

Control Diagram of an Induction Motor Speed Controller Utilizing Field Oriented Control.
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Buried Magnets Create NEW Torqgue

Q axis

Groove for PM /

Buried rotor magnets
produce different
Inductances on the d-g axes.

This results in a NEW torque
component proportional to
the difference in these
Inductances.

Prius 2004 rotor punchings

OAK RIDGE NATIONAL LABORATORY

U. S. DEPARTMENT OF ENERGY UT-BATTELLE

Annual APEEM Review — May 2005 9
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Total Motor Torque

Axis of
hase b
Rotor P
Rotor
g:;dratuie ls , direet

Permanent Magnet Rotor

Stator

winding
Axis of
phase ¢
Reaction Torque Reluctance Torque

\ 4 A\

TOrque:gg[ﬂdrlqs +(I—ds — I—qS)ICISICIS]Jr

TTorque expression based on amplitude invariant form of Clarke Transform.
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Torgue vs. Angle

Torque

Reaction Torque (magnet to magnet)

CCW

[

1350 Unstable 1 Q0 "

OO

Cw

Reluctance Torque (magnet to metal)

The magnets exerts force
on the rotor in an effort to
minimize the resistance
(reluctance) of the flux path.

Locked Rotor
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Effect of Saliency on Optimum Torque Angle

Additional Reluctance Torque of
Toyota/Prius Hybrid THS Il Motor

Total
Magnetic Torque
Increment of
g
o
S
=
Reluctance
Torque
0 90« Current phase angle
Positive 1, Negative |
Torque Simulation by Electromagnetic Torque-Current Phase Angle Characteristic

Analysis

Ref: Development of Electric Motors for the TOYOTA Hybrid Vehicle “PRIUS”
Kazuaki Shingo, Kaoru Kubo, Toshiaki Katsu, Yuji Hata

OAK RIDGE NATIONAL LABORATORY TOYETA NOTOR CORPQNATION 0 o LS
U. S. DEPARTMENT OF ENERGY UT-BATTELLE
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MTPA Control of IPM Motors

Commanded i‘[

1| A A I Current | V4
_ 1 8if” I=>(> —»
'd 4[Ld—Lq * (Ly _|_q)2+ T } z i Controller

Commanded Speed [ imit 1'1“

\ 4

+
—>z
-&

Reverse

Actual Speed
Clarke-Park

Transform

v Commanded iq

iy =signlir Wir™ —ig°

Current | Vq
Controller

\ 4

d/dt

Phase C
Current
Calculation

Rotor Flux Angle
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