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1 Electromagnetics Fundamentals

1.1 Maxwell Equations

Integral Form Differential Form
boBed = bt OB
o H-di=[[. (57 +J) = Ienc | VX H =2 +J
$s D -ds = [[[ pdV =Q V-D=p
$sB-ds=0 V-B=0

1.2 Lorentz Force

Charge ¢ with velocity ¥ through B field experiences force

F =q(7 x B)

1.3 Force Charge Interactions

qi=il F=q@xB) F=i(lxB)

1.4 E Field

1.5 Potential



2 Generalized Machine Theory
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2.1 Flux
B, = % A=mrl

2.2 Torque for Hypothetical Machine
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2.3 Torque and Physical Parameters

2N,
TqZT;-BS-ﬂ'TQZ

Where

[ is core length (axial length of rotor)

e 7 is rotor radius (2r is core height)

2lVix ig linear current density on surface of rotor (limited by heat/cooling)

By is stator B field (limited by magnetic saturation, magnetic properties)

2] is rotor volume

2.4 Torque Volume Relationship

T, «< Volume



2.5 Power for Machines
P =Tywp,
Valid for all DC/AC machines

2.6 Poles

Each pole produces flux:

pN | .
Tq = ? d)szr

where p is the number of poles

2.7 Machine Constant

Define machine constant k:

N
L _ PN
T
which yields
Tq = kdsiy

2.8 Speed Torque Relationships

When torque changes (has a ripple, or set point), speed is not always a linear
function of torque:



3 DC Machines

N
T, = kosiy k="
e
eq = kown,
3.1 Torque
Tq = k(zssir

3.2 Mathematical Model

Electrical:
Vo = Raia + Lo %2 + €4
{Vf = Rpig+ Ly %t
Mechanical:
szlem =Ty — Tioad — Tioss
Coupling:

€q = k¢wm k¢ = kfif

3.3 Steady State Assumptions

%:0 dw’”:() dﬁ:
dt

dt dt 0

Vo= Raol, + e, Vi =Ryl
eq = kowp, T, = kol,
ko =kyif
Ty = Tioad + Tioss

Looks linear, but isnt

3.4 Common Load Characteristics
Typically, load is very non-linear (one of the below)
e Lifting: Tjpqq = ¢
e Compressor: Tjpaq = € W,
e Fans/Pumps: Tjpaq = ¢ w2,

e Winders: Tjpuq = =
m



3.5 Speed Torque Diagrams
Vi = Rol, + kdwm
Set I, = 1% and find:

e |

Usually, —(,57“2) is shallow slope

3.6 Control Modes
3.6.1 V, Control

Consider V» and k¢™. Then change to V, = % to set V,. Can use power

electronics (buck) to supply variable V.
Can be highly efficient (DCM jlhp: 1 > 90%, buck: n > 95%



k" - 2we”

3.6.2 k¢ Control
Vi

k)(bO(Zf Zf:m

Add Ry, in series with field winding to change k¢

"= 2"

Caution: T, = k¢i,. i can get huge

3.6.3 R, Control

Add external resistor in series with R, (induce large R,)
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Don’t want starting torque << Ty, (torque at 0 speed should not be ex-
tremely large)

3.7 Operating Region

i
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3.8 DCM Losses
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4 Machine Testing
To test a motor, use a dynamometer.
- Yq‘ - 2 Vyq =
2 2
i ‘ Wa, ‘r‘l" i ) Wa -(2‘

(L )3=0=0 Qe )3
;T o)1

DVT DC DJ,\Q

Since shafts connected:
Wml = Wm2 = Wm
Need Jtotal%’—tm = 0 (neglecting loss):

Ty, =T4, =0 Ty, =1Tq,

4.1 Servo Motor as Dyno

Can use speed control or torque control motor as Dyno (horizontal or vertical
characteristic).



5 Power Electronics

Machine Limits: w,, — T plane Chopper limits: V' — I plane

5.1 1Q Chopper
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No regeneration!

5.2 2Q Chopper




5.3 4Q Chopper
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Motor 4+ Regen in both direction
e not frequently used

e only necessary when instantaneous forward/backwards transitions are re-
quired

e could also go backwards by inverting field (H-bridge)

6 DCM High Level Control

6.1 ¢, Control

Set i, regulate torque (sometimes called torque control instead of current con-
trol). Create a vertical characteristic.
Observation: i, — @ changes very quickly, but w,, changes slowly

6.1.1 1Q or 2Q Chopper
V,=DVy

Caution: very easy to go over-speed, need to ensure

k(b = k(bTated

6.2 Control Block Diagrams

Convert DE into transfer functions. See 1.

6.3 Current Control Design

1. Track step changes in ¢,

2. Reject e, (assumed as DC)

10



3. Zero ez tracking error

4. Fast Response

Use a PI controller

6.4 Speed Control Design

1. Track step changes in w*
2. Reject constant (Tjoaq + Tioss)

3. Reasonably fast dynamics BUT must be slower than inner control loop

PI could work
kQ(S + ag)

S

Cy(s) =

Keep in mind, plant contains %

6.5 Position Control

See 2.

Care: no one watching speed. Set ¢}, based on 0},

¥ regulator

7 Space Vectors

—

B is a vector in 2D, used to express cylindrical coords in complex coordinates

B_; = Bsmaj:v + Bsydy

in Space vector form:

B, = BJoP  |B-/B%+ B,

8 AC Synchronous Machines

Sizes from 1 mW to 1000 MW. Benefits compared to DCM:
e does not require commutator
e cheap

e able torun at = 2 T)4s

11



8.1 Torque
T, = 2Nl - rI;|B,|sinvy
where
e [ is core length (axial length of rotor)

e 7 is rotor radius

8.1.1 Torque Characteristics

For ripple free torque, require
1. const amplitude |B,|
2. const amp |B;| in winding

3. smooth rotation of fictitious winding to create rotating South on stator
for rotor North to follow

8.1.2 Synchronous Torque
T, o< Ii| B, | sin((wsCs) — (WmeCme))

The sin component has an average value of zero UNLESS ws = wy,e (syn-
chronous speed equals mechanical speed).

8.2 Orientation Matrix
Byl [1 0], [ia
o) =l e[
8.3 SM Space Vectors

B = [0 &3] [gﬂ

Where « is aligned with the x-axis, and S is aligned with the y-axis. In
general,

12
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8.3.1 Current Space Vector

sn

Since we can’t set By (only current controllable), defined current space vector

I.
and
Bso = ki,
8.3.2 Voltage Space Vector
7= [e/

Note:
e R{¥} drives x-axis current, flux

o 3{¥} drives y-axis current, flux

B,
k

Bas = kg

13



8.4 2D Space Vector Modelling
Ro=Rs=R Lo=Lg=1L

. di
G— Ri+ L%
U 7+ oy

where v, 7 are the space vectors

8.4.1 Balanced Sinusoidal Steady State
For a 2¢ machine, let
i (t) = Is cos(wst + ()
ig(t) = Iy sin(wgt + )
Then
L(t) =1 j]

ia(t)| _ 7 j(wettcy)
w)} =l

8.5 3D Space Vector Modelling

BSa

Bs - [ejo (i] 23? Gj 43“] Bsb

BSC
s T BSa
[Bsm} _ [1 CF)S(;?T) Cf)S(z?ﬂ) B.,
B, 0 sin(5) sin(3F) B..

8.5.1 Balanced Sinusoidal Steady State

For a 3¢ machine, let R
iq(t) = I cos(wst + Ca)

. 2
in(t) = I, sin(wst + C — g)

N 4
Z.c(t) =1 Sin(wst + CS - ?ﬂ-)

8.6 Clarke Transform

Orientation matrix not invertible (can’t convert B to By, Bspy, Bse. Hence, use
the Clarke Transform:

1 V3
| 9|1 —2 5 | |l
_ 1 ;
W=zt =2 e
io R | e
2 2 2
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where i4, 7, ¢ are the 3¢ current components. ig is the zero sequence current

component (ip connected to neutral wire).
2
g A

iq,b,c has peak amplitude I;).

component for convenience s.t. |I.| = I, in steady state (balanced current,

8.7 SM Modelling

diy, dip
V, = Lpyp—= Vi = Lp—=
dt A dt
. di,
em = Lm=g
- - . di, dis
Iy = 1s +1f = em:Lmﬁ—FLm%

If speed known (i.e. O, = Wie * t + Prme, then
Z;’ — kfirej(wme't"l‘pme)

dif

g Jwme kpiped CmetHome) = o i

In summary,

. = jwmeif er = jwmeLmif

8.7.1 Vector Diagram

gl i <

15



8.7.2 Current Model

16



8.7.3 Voltage Model

Vol

{
3

8.8 Multi Pole SM
Define:
o wy: B_; speed

& Wie: B; speed

® w,,: physical shaft speed

Wme = ZWm eme = 79m

Ws = Wme

where p is the number of poles

8.9 Power

The power per phase is:

Pperphase = |gf||js|

Total power is

17



1 -
P=n- i\Ef||IS|sin7

—

Apply Ef = jwmeLm - I
n . .
P= EywmeLm I f||Is] siny

1

where 3

I: and I}.
Thus, we can write torque as

since per phase power is peak, not RMS. sin~y is the angle between

P np .
Tq = E = 55 Lm|If||IS|Sln’y

Define k¢ = § Ly, |I|:
T, = gk;¢|ls| sin y
If v =90 (siny = 1), then
n
Tq - Tqmaz = §k¢|-[5‘
8.10 Brushless DCM
= p
‘Ef| = Wme * §Lm|If| = wmk

This resembles DC motor (but is AC synchronous), so sometimes called
Brushless DCM.

8.11 Speed Torque Diagrams

Constant Frequncy operation: Connect to fixed frequency ws voltage/current
source

18



If operating point requires v > 90°, machine cannot reach (loss of synchro-
nization).

8.12 ~-Torque Plot
Show Tj o< v

19



8.13 Voltage Source Operation
Assume
e Synchronous operation

® Wme = Ws

Grid voltage known

I; = kpipel“met

Ej = |Ef|e?* 75 = juwo Ly |I7|e?s 5
Vi = By = B340

8.13.1 Power

8.13.2 Torque

T, = np 1 EfEm sin &
d 2 2 Wme WimeLim,
1
T,=22 1 sin 6
22Wme ° Wmelm

8.14 SM Parasitics
1. Stator Leakage Inductance L

2. Stator Resistance R,
3. Rotational Losses

4. Mechanical Inertia

9 SM High Level Control

10 Induction Machines

No magnets on rotor or stator. Induce voltage in rotor from stator (induction).
Requires AC voltage on stator.
Advantages:

20



Low cost (no rare earth magnets required)

No brushes (commutation)

e No DC field

e Low maintenance, robust

e High torque (can exceed Tymaz)
Disadvantages:

e Heavier/bulkier than comparable PMSM

e High startup torque

10.1 IM Fields

Ws = Wy, + Wy

_p _2
wme - 2wm wm - wme
10.2 IM Modelling
Assume R,, = 0. Define
Niip,
Ry,
And set ¢ = Velwst
— -, >

s

Qs‘ ‘I’: —‘%“ | Cr
- I |

-

Ll
oL ¢

Define Magnetizing Inductance L,,:

_ M

Ly,
R,

21



10.3 Phasor Diagram

j Wg L m

[IH.

10.4 Torque
T, x |B||B.|siny  |[/||;|siny
If rotor load is resistive:
i L, = |issiny = |in

I iad
Ty o< |ir||im]

10.5 Rotating IM

Stator doesn’t move, rotor rotates at w,

- don, i,
AN — 2 =L, —2
€ dt dt

voltage changes when rotor moves. For example, let €; = E,ei“st. Then
- 1 . - (s)
¢mzﬁs/esdt:¢m

22



ddm
_7: = N,——
¢ dt

10.5.1 IM Coordinate Systems
Define:

° (b:n(r): flux seen by rotor

. qb:n(s): flux seen by stator

S0 o) e

¢m = ¢m

10.6 Rotor Voltage, Flux

Ao _ No o @5 = 0m jama
N,

S _ N
eT T dt

Ws

i'.Eisej(Ws _"-’m)t
Ny jws

—T*n(r) _ ¢7n(8)e_jwmt _

10.7 Slip

First, define w, to be the frequency of rotor voltage

Wrlg — Wyp

And slip to be:

w

€ = — I
Ny wy
7= N st
N

23



10.9 Power

Where

o 3R {e_; (z:/)*} is the power leaving stator

[ ][9]

R {e?(—?r)*} is the power into Z,

_ 3[Rl 3 [ g
Pmech— 2{“7‘ | g } 2{|’Lr| Rr}
10.10 Reflecting Rotor Impedance

Reflecting both rotor impedance and resistance yields a new IM model:

-f ’
s Cel/s
és

-

Where
. % is the total effective resistance
e R, is the real resistance (accounting for turns ratio)

e ($ —1) R, is a representation of energy exchange (can be -ve or +ve) as
a R value

10.11 Torque

m



10.12 Speed Torque Diagram

_ 3l wr
772 w2 R

Solving for w;

/
R, T

(@‘€;|)2 q
2 Ws

V3 e
klvecon,| = \ﬁ |w |

Wy — Wg —

S

Where

Rewriting:
R,

(klém|?
which resembles the DCM speed torque relationship (w/ different intercept).

Wan

ke gt

—er e v out” dorgu
Vet (" - bodwe + U

Ty,

/ Sﬂ\rﬁv) torq

10.12.1 Linear Range
In the IM linear speed torque range, R../s dominates i,, L i,
Ty o i

10.12.2 Rated Flux

Rated flux occurs if . .

Ws Ws, rated

25



10.13 IM Nameplate

3600 2 pole
N,, will be near 1800 4 pole
1200 6 pole

where near means ~ 95%

10.14 Control Modes
10.14.1 External Rotor Modes

requires doubly fed IM (rotor windings accessible)

brivstes

- ‘L Rex
e\ AN, ,-_..9,,?

ﬂr- ] LSy
I#{%M l ("-M/JL ( (") conls A

R, should be balance in each phase
BRI+ R,

(ﬁ@)2 q
V2 ws

W = W

26



Wa

Pros:

e can start high torque loads
Cons:

e R.. losses

e Needs doubly fed IM (exposed rotor windings, brushes)

10.14.2 k¢ Control
Standard field weakening (like in DCM)

v
\'% / butd flen , ax Stope (shdwed  Fie
\ 'R"’; z "
wy, /__‘ (23 wked 9% v5= Vs
browa -ovk . L . o lowd

: aperon M sma  3ub

P ( e M swnor b0 T unJm
load ‘L‘.vl‘vt. l
nid I, @ halt fln
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10.14.3 V/f Control

Objectives;

e Constant flux (max allowable T})

e Varying intercept (ws)

v WA,
SHNL k*n—- -{-:i: }1
l\ W‘ _ // ) /’__,,--""'__—
wyy | |
it Tr
Pros:

e Can achieve T7*“? at any speed

e No R, losses

e use IM with internally shorted rotor

e 1o field current or PM’s

Cons:

e Need inverter that can change both |€;] and w;

V/f control happens at ¢;, NOT v;

10.15 IM Parasitics

1. Rotor Leakage Inductance L,

28



2. Stator Resistance R,

. Stator Leakage Inductance L

3

4. Rotational Losses

5. Core Losses (Hysteresis, Eddy Currents)
6

. Inertia

s L3 |I T b R,
D\ SV AR e VYV _I —_ PN e AN =D
. + -

(A
S
-lﬂ_'ﬂ\
reces
|.é°
-»ﬂ
oL
<
s

10.16 Pull-Out Torque

Absolute max T} that machine can produce. Impacted predominantly by R,., L,
3lap

2 w? 2L

Want a large linear range: want L, small. But, this yields massive inrush
currents.

Ty po =

10.17 Efficiency
= V3|Vaurwmsl| s rars| - PF

where PF is the power factor

/ [ o) Siwhar ‘:H.l-‘-\

= Tovk -wa

o T_jr—/ =Tor e

Shédur Loss Core Los> Rotor heut Rohutysrl Less
- Z‘I-r'gmll; Tewss “Wa
3Tep, [Rs) tclaked b Re
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Figure 1: DC Current Control and Speed Control loops
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Figure 2: DC Position Control
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