Transformation from Rotating to

Stationary Axes

Day 9




Why Transformation?

e Kron’s Primitive (basic) 2—pole machine
® Two static coils in stator

® Two pseudo—stationary coils in rotor

* We want to represent all rotating machines by this primitive
machine structure for ease & uniformity of analysis
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What is Transformation?

® The process of replacing one set of variables by another set of variables for
equivalent representation electrical machines is called windin g

traanormation or simply transformation.

® Since DC machines resemble the primitive machine structure directly,

no transformation is necessary

* Polyphase machines, however, need such transtformations so that they

can be fit into the primitive machine model and analyzed
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Different Transformations in machines

Transformation from rotating
3—phase to rotating 2—phase

(a-b-c to a-p)

!

Transformation from rotating

Transformation from
a rotating 3—phase to
stationary 2—phase

(a, b, ctod, q)

2-phase to stationary 2-phase
‘a-fto d-q)

q - axis
Fyh
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® Transform from 2-phase rotating axes to 2-phase stationary axes
P g P y

Derive the transformation matrix (a, 3, 0 to d, q,0)

Derive the inverse transformation matrix (d, q, 0 to a,, B,0)

® Transform from 3-phase rotating axes to 2-phase stationary axes
P g P y

Derive the transformation matrix (a, b, c to d, g, 0)

Derive the inverse transformation matrix (d, q,0 toa, b, c)




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation

® The axis of phase ‘@ in 2—phase machine is assumed to coincide with

the axis of phase ‘A’ in 3-phase machine

® Since the two rotors rotate at same speed and in the same direction, the

two axes 1In question continue to coincide as the rotors rotate

® Thus, the 2-phase axes (@, f)and 3-phase axes (a, b, c) are always at rest

w.r.t. each other

® Coefficients of the transformation matrix are thus constant quantities

q - axis q - axis




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation
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® Thus, the 2-phase axes (@, f)and 3-phase axes (a, b, c) are always at rest

w.r.t. each other

® Coefficients of the transformation matrix are thus constant quantities

q - axis q - axis




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation

® The 2-phase axes (@, f) and 3-phase axes (a, b, ) are both rotating axes

® When transformation is to be done from such a rotating axis to a
stationary (fixed) axis:

The relative position of the rotating axis varies with respect to the stationary

(tixed) axis as the rotor rotates

The transformation matrices in such a case will contain coefficients that are

function of relative positions between the rotating (., B) and fixed (d, q) axes

g - axis




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation

® The transformation process

The rotating coils are to be replaced by pseudo-stationary coils

Zero sequence quantities are not transformed, thus the required transformation is

only from a-,B to d-q axes
Revolving axes on the rotor implies that they are rotating w.r.t. the stator

Stationary axes on the rotor implies that they are fixed w.r.t. the stator (i.e.

pseudo-stationary coil in rotor)

k Rotating - f3 axes Stationary d-q axes




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation

® The transformation process
Coils @ and f of the rotating winding are shown to make an angle 6 with the
stationary d-q axes windings
The angle@is such that at time =0, 6=0, i.e. the rotating axes a- 3 coincide with
the stationary axes d-q at t=0
At any time ¢, the angular displacement is @=@, where @, is the angular velocity

k Rotating - f3 axes Stationary d-q axes




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation

® The transformation process

At this instant 7’, the MMF space phasors F ,F B of the a-,B winding and F d}Fq of

the d-q Winding are shown

Assume that all the Windings have same number of turns “N’

k Rotating - f3 axes Stationary d-q axes




(a,3,0) to (d, g, 0) transformation

® Rotating to stationary axes transformation

® The transformation process
The two MMFs and can be resolved along d- and ¢- axes:
F,=F,cos0+F,sing
or,  Ni; =Ni,cosd+Ni,sing
Thus, I4=1,C080+i,sing

Similarly, lq =—1,8IN&+i,c086

Fﬁszﬁ ngNI'Q

Or




™~
(a,B,0) to (d, q, 0) transformation

* Rotating to stationary axes transformation ly =1, C0S0+1,8In¢

I, =—1,sIn@+1,cos0

® |n matrix form: |
a p
Iy :d cosd | sind||1i, Let us define C — cosé | siné
i, | ql-sin@| cos@||i, > |-sin@| cosd
cosé |-sind ) . 4 C, |cosé —siné
C, =& ~.|C|=cos? §+sin* 6 =1 Hence, C _\C\ <7 Toos 0
sin@ | cosd
d q

I, | a|cos@ |—sind|| |,

i, | pl|sing |cosd || I,

Thus, the inverse transformation is:

® The MMF, flux and number of turns are same in both configurations
® Thus, induced EMF (voltage) per phase will also be same

® Hence, current and voltage will have identical transtormations

- /




(a,B,0) to (d, q, 0) transformation

® Rotating to stationary axes transformation a B

. . . . I i i
® Let the currents in coils d-q axes are time-varying: = djcosd | sind

i, | gl-sin@| cosd||i,

(remember that they are at 90" in time & space)
iy =1, sin(t+¢) a9

- i —Si i
|q=Imcos(a)t+¢) « | @|c0s@ |-sind|| I

i, | pl|sing |cosd || I,

Here @ is any arbitrary constant phase angle

The equivalent currents i, and i 5 Can now be obtained using the inverse
transform matrix as (note that @xr=0):
i, =i, cos@—i,sin@ =1, sin(wt+¢)cosd -1, cos(wt +¢)sin &
=1_[sin(et+¢—06)]=1_[sin(wt+¢—wt)]
=1_Sing

i, =i, sin@+i,cosd =1 sin(ewt+g¢)sind+1, cos(wt+¢)coso
=1, [cos(at +¢—0)]=1_]sin(wt + ¢ - wt)]
= cos¢
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(a,B,0) to (d, q, 0) transformation

i, =1_sin(ot +¢)

® Rotating to stationary axes transformation
i, =1, cos(at+¢)

® Currents in d-q axes coils are time varying with 909 phase
shift and are also at space quadrature I, =1,sing
They produce a rotating MMF (RMF) Iy =1,C05¢

e Currents in a-fFaxes are constant (DC currents), but the
coils are at space quadrature
The DC currents i, i pean only produce a resultant stationary MMF

But since the coils along @-f axes physically rotate at @), the
resultant MMF also rotate physically along with the rotor at the

same speed @,

® Thus, time varying currents i g in stationary coils d-q
produce exactly similar RMF, rotating at same speed and in
the same direction as the DC currents i ,-i pin the rotating

coils a-f produce

- /




(a,B,0) to (d, g, 0) transformation

® Rotating to stationary axes transformation

® If zero sequence currents exist:

a p 0
Iy d cosd | sind I,
i,|= ¢ —sind| cosd i,
I 0 10| 1,




Transformation from 3-phase to 2-phase

Stationary Axes

(a, b, ¢) = (a,[3,0) = (d, q, 0)
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(a, b, ¢c) » (a,B,0) — (d, g, O) Transformation

° 3—phase to 2—phase rotating axes transformation

° 2-phase rotating to 2-phase stationary axes transformation

® These two transformation matrices can be combined to obtain 3—phase to 2-

-

® (a, b, ¢) to (a, [3,0) transformation

* (a, B3,0) to (d, q,0) transformation

Il
o o o

20[
ey
0

a b 0
cos0° [cos120° | cos240°| i,
sin0° [sin120° | sin240°|| i,
1oL 1K
J2o | V2 v2 || ¢
o S 0
cos@ | sind I,
—sind| cosé i,
117,

phase stationary axis transformation (a, b, ¢) to (., 3,0) to (d, q,0)

/




(a, b, ¢c) » (a,B,0) — (d, g, O) Transformation

™~

or

* (a, b, c) to (a, [3,0) to (d, q,0) axes transformation

a g 0 a b C

cosd | sing 5 [c0s0° |c0s120° | cos2401 | i
— 010 |ai 0 | o ol =
_sindl cos® 3 smlo S|n1120 smi4o fb
1 Zo| | L

a b c
> d | cosé 003(0—1200) cos(0—240°) i
o 3 a |-sing| —sin(9-120°) —sin(0-240°)['i,
0 S 1 1 i
V2 V2 2 c

Rgfer appendix for

3x3 matrix

mu]tip]ication

actual 3—phase currents (i, i, i)

Thus, the new current (i, i, 1)) in stationary axes can be expressed in terms of

\Z
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(a, b, ¢c) » (a,B,0) — (d, g, O) Transformation

™~

a

b

C

® In case the 3-phase motor is star connected without any neutral wire (as is
most commonly the case in induction motors), the zero sequence current i,

is absent, and the 3™ row will disappear from the transformation matrix:

cos(6—120°)

cos(@ - 2400)

i
id _\F d | cosd
°b 18 7\3 q [—sing

—sin(0-120°

—sin(6 - 240°

motors

* This gives us a transformation from ROTATING 3-phase (i, i;, i,) to
STATIONARY 2-phase (i, i ) transformation in stationary axes
* This technique is often used by researchers for MCSA (Motor Current

Signature Analysis) for condition monitoring and fault diagnosis of induction

-
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(a, b, c) > (d, q) Transformation

Line currents (A)

time (s)

Conducted Experiments

S. Das, C. Koley, P. Purkait, and S. Chakravorti,
“Performance of a Load-Immune Classifier for
Robust Identification of Minor Faults in Induction
Motor Stator Winding”, Accepted for Publication in
IEEE Transactions on Dielectrics and
Electrical Insulation, 2013. 1 time (s)

Normalized Current
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Inverse Transformation

* (d, q,0) to (a, b, ¢) axes transformation

® Expressing 3-phase currents (i, i, i) in terms of the equivalent stationary

axes currents (i, i i)

d q 0
: 1 T
- a cosé —-siné — |l
-2 o T
L= } i 1
3 b |cos(0-120°) |-sin(9—-120°) 7 |
C 003(0—2400) —sin(9—2400) % i




(a, b, ¢c) = (d, g, O) Transformation

® Similar transformation could be achieved for phase Voltages as well
® Likei, i, i arerelated toi, i

a C q
® Similarly, v, v, v_are related to v, v,

® These relationships between the 3-phase variables (a, b, ¢) and 2-phase
variables (d,q) are called Park’ Transformation

® The 3-phase coils (a, b, c) and the 2-phase coils (¢, /) are phase windings on
P (a,b, c) p ( P g

the rotor that actually rotate along with the armature
o Rotating Ww.T.t stator, but static w.r.t rotor
® On the other hand, the (d, g) coils are stationary w.r.t the stator

® These are pseudo—stationary coils and hence involve the variable angular

position term @in the transformation matrix




(a, b, ¢c) = (d, g, O) Transformation

° Physical concept of Park’s Transformation (rotating 3—phase to
stationary 2—phase)

® Assume that the 3-phase currents i, i, i_ are given by:
i, =1, cos(ot+a)
i, =1 cos(wt+a—-120°)
i_ =1_cos(wt+a—240°)

® Here I is the maximum value of armature current and ¢ is the time phase angle

of i, Wr.t the time origin at t=0

Park’s transformation matrices
a b C

?d \E d | cosé cos(0—1200) 003(0—2400) i

| —
117V3 q |-sing| —sin(0-120°] —sin(0-240°) i,




(a, b, ¢c) = (d, g, O) Transformation

° Physical concept of Park’s Transformation (rotating 3—phase to

stationary 2—phase)

* Using Park’s transformation:

iy = \E[ia cos 0 +i, cos(0—120° )+ i, cos(6 —240° )|

Substituting 6 =wx:

i, =1, cos(ot+a)
i, =1 cos(wt+a—-120°)
i, =1, cos(awt+a—240°)

1 1
cos Acos B = 5 cos(A— B)+ 3 cos(A+ D)

iy = \/% 1,,[cos at cos(at + r)+ cos(wt —120° cos(et + z —120° )+ cos{et — 240° )cos(at + o — 240° )

= \EI 0 % [cos(2et + &)+ cos & + cos(2et +  — 240° )+ cos ar + Cos(20t + o — 480° )+ cos

= \E l, % [cos(20t + )+ cos(2et + & — 240° )+ cos(2est + &z ~120° )+ 3cos |

Park’s transformation matrices
a

b

C

cos(6—120°)

cos(e - 2400) i

id
i _\F d | cosé
V3 q |-sind

—sin(6-120°

—sin(0—240° | i,




(a, b, ¢c) = (d, g, O) Transformation

° Physical concept of Park’s Transformation (rotating 3—phase to
stationary 2-phase) i, =1_cos(at+a)
- _ 0
i, = \/ZI . 1 [cos(Za)t +a)+ cos(Za)t +a —240° )+ cos(Za)t +a—120° )+ 3cos a] by =11y cos(t +a—=1207)
372 i =1_cos(wt+a—240°)
For a balanced 3-phase system:

0

cos(2at + a )+ cos(2at +  — 240° )+ cos(2at + a —120°)

: 2, 1 2. 3 3
Thus: | =\le—3cosa :\le—cosa :\lecosa
us: iy =3l g Beosa] =31, 2

Similarly, it can be shown that: 3 .
l, =4/=1nSINa

® The two currents i, and i are thus not time-varying, i.e. they are DC currents
® But still they produce RMF due to physical rotation of the rotor
® This RMF has the same speed and direction as that produced by the three

time Varying currents i_, i, and i

/




Stator winding Transformation

* In addition to rotor, the stator may also have 1-phase, 2-phase, or 3-phase
winding
® If the stator has a 1-phase winding, it is taken along d-axis
® If the stator has 2-phase windings, they are taken along d-q axes
® If the stator has 3-phase windings, transtormations need to be done to

convert from 3-phase axes (a, b, ¢) to (@, ) or (d, q) axes

® Since the stator coil axes are always stationary w.r.t. the stator and its

winding, coefficients of the transformation matrix are always constant
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