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FLUX AND TORQUE DECOUPLING

Flux and Torque decoupling by modeling in the rotor flux oriented frame



INDUCTION MACHINE MODEL - MODEL IN A COMMON REFERENCE FRAME

Electrical Equations

T
yg_ S 23 dt de—S
- do
O0=v, =Ry i, + —"+jlwg —we)p
b dit d

¢ :LS'&‘S_FLTTL.&.T
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.

Mechanical Equations

(db,, .
a "
dw,,,
T =+ Fwm) Wiy = Tormn — T
dt
3 Coa |
Temm = =FPp Ly, Im{gs -gr} (or equivalent)
4 2
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Electrical Angle Definition
0. = P,0,,

We =— LpWm

The subscripts <dq> have been removed to simplify the notation




VECTOR CONTROL BASICS

Instead of controlling magnitude and frequency of the stator currents, it is better to control its components
The control is formulated in a rotating reference frame, that is synchronized to the space vector of the flux (typically rotor flux)

Therefore, the vector control is also commonly named Field Oriented Control (FOC)

As shown in the following, this allows decoupling two actions:

» The d-axis component of the stator currents can control the flux
» The g-axis component of the stator currents can control the torque

This makes the control similar to a DC-machine, where:

» The excitation current can control the flux
» The armature current can control the torque
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USEFUL PARAMETERS

Some additional parameters are introduced to simplify the expressions:

» Coupling Factor » Total Leakage Factor
L L?
k — ik — — 2 — —_ m
T.L. oc=1—%k 1 T.L

» Total Leakage Inductance

L.L,.— L2
L,=0L,= = UL
g I
» Stator and Rotor Time Constants
L L
T, === T.=—"

» Stator and Rotor Transient Time Constants

L, L,
TS':aTszaR— T;:aTT:aR—
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With small leakage inductances Lg ~ L,578 —+ Ll,r



INDUCTION MACHINE MODEL EXPRESSED IN TERMS OF ROTOR FLUXES

The fundamental variables in the induction machine model are fluxes and currents
Current and fluxes are linked to one another by linear relationship
It is possible to select only two vector state variables for the system (= 4 scalar variables)

Instead of expressing the equations in terms of the stator and rotor currents, it is more convenient to reformulate the modelin terms of

» Stator currents
» Rotor fluxes

KQS:RS'Zs‘F%"‘deQS ”k: ETLT UZlk?:lLISJ%ET
do
0 =0, = Ry i, + == +j(wa—we)g, fop o Ll L2
< ¢, =Ls i+ L i, < o
@r:Lr-@'T—FLm-g’S Ts—é—i TT:]I%_Z
Tem=§PmeIm{jS-£r} T;ZUTSIJE T’:aTT:orﬁ
\ 2 N R R,
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INDUCTION MACHINE MODEL EXPRESSED IN TERMS OF ROTOR FLUXES

We need to compute the stator fluxes and the rotor currents as functions of the stator currents and of the rotor fluxes

We can use the relationship between the space vectors
¢ =Lsiy+ Ln i,
¢ =Ly-i,+ Lp i,
From the second equation, we can compute the rotor currents as:

. 1 Ly, .
ZT_L_TQT_LT ZS

By substituting in the first equation, the stator fluxes are expressed as:

L L? L? L
= Lyig b ST = i = L (1= ) i
@s Ls + L'r ?'r’ LT Ls LSLT Ls + LT @7"
Lm Lm
p— LS . ) . p— LO_ . ) .
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ROTOR FLUX DYNAMICS

We can replace these expressions in the voltage balance equations

From the rotor voltage balance equation, it results:

do R L do,
O=v,. =R, 1.+ — +jlwg —w :—r — R, i+ == +jlwg —w
This expression can be rearranged as:
do R, » Lm
Wqg — W —|— — = — 1
qa Tlwamw o+ The = R T
By recalling the definition of the rotor time constant, it results
do, 1 Lo
Wqg — W —|— — = —1
q Pilwa—we)e +7 ¢, = 7o,
In this expression, the stator current acts as the input of a dynamical system with the rotor flux as state variable i )
=8 \ Rotor Flux _._?"l
We can control the rotor flux by controlling the stator currents Dynamics

As could be expected, and as will be shown later, we can control the stator currents by controlling the stator voltages | T

This choice of variables is particularly suited for implementing a cascaded control
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ROTOR FLUX DYNAMICS IN THE SYNCHRONOUS REFERENCE FRAME

The rotor flux is dynamically linked to the stator currents through the equation:

do 1 L,
g TAwd T @), o, =

g (valid for any arbitrary reference frame)

If we choose our reference frame to be perfectly aligned with the space vector of the rotor fluxes, then: 6 = / %

@T — Qbr,d — G’5r (the rotor flux is entirely on the d-axis)

By expressing the previous equation in the d-axis and in the g-axis components (i.e., real and imaginary part), it results:
-

dg, 1 Ly, | | |
+ Op = —— ls,d The magnitude of the rotor flux only depends on the d-axis component of the stator current
Jdt T, T,
L,, . The speed of the rotor flux depends on the rotor speed and on the q-axis component of the stator current
L (Wi — we)or = TT Us,q It represents the slip frequency of the rotor flux

L, Z's,q In steady state conditions, it is also equal to the slip frequency

Welip = W — We = ——
slip d © T, ¢, ofthestator fluxand to the frequency of the rotor currents
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ELECTROMAGNETIC TORQUE IN THE SYNCHRONOUS REFERENCE FRAME

The expression of the electromagnetic torque in terms of stator currents and rotor fluxes is:

3 Ly, - . |
Ter, = P L_ Im{ : QT} (valid for any arbitrary reference frame)
If we choose our reference frame to be perfectly aligned with the space vector of the rotor fluxes, then:0,; = /¢,

@T — Qbr,d — Cbr (the rotor flux is entirely on the d-axis)

The rotor flux in the syncrhonous reference frame is a real quantity and can be taken out of the imaginary part
What is left is only the imaginary part of the stator currrent vector, which is the g-axis component
The torque is expressed as:

3

Teorm, = §Pp L—m O ls,q The electromagnetic torque only depends on the g-axis component of the stator current
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FLUX AND TORQUE DECOUPLING

From the previous analysis

If we choose our reference frame to be perfectly aligned with the space vector of the rotor fluxes, then: 8; = / %

@T — Qbr,d = Qbrr (the rotor flux is entirely on the d-axis)

We can conclude that:

» The d-axis component of the stator currents can control the flux
» The q-axis component of the stator currents can control the torque

» The slip frequency of the rotor flux depends on the g-axis component of the stator currents, and therefore on the required torque

- do 1 T We induction machine behaves as an equivalent DC machine where:
LA — O, = —_m is d » The d-axis component of the stator currents corresponds to the excitation current
dt 1, 1. 7 » The q-axis component of the stator currents corresponds to the armature current
T §P Lim : We can obtain a Decoupled Control of Flux and Torque
< em = 54p T Qbrzs,q
T

. o Lm ,Z/S,q
Wslip — Wd — We =

q T’r gb T
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FLUX AND TORQUE CONTROL

We can obtain a Decoupled Control of Flux and Torque

. R
The dynamics of the rotor flux magnitude is determined by a first order system L,
» A Proportional-Integral (PI) controller can be used to track the desired flux
» In some cases, the flux is controlled in open-loop, and the d-axis current reference is simply set as
’i:,d — éﬁ;/Lm (from the steady-state relationship)

Us.d
1 /LTH.-

The electromagnetic torque is algebraically linked to the g-axis current
The reference g-axis current can be found from the reference torque as:

2L, 11

-3k

k
[/ = = 1 o o
S,q em / T .
’ 3 Lm Pp qbrr T(i}.?.? TO].C[U.C Z’,\'_(j
Equation
However, we need to examine two aspects: (bT

» How do we control the stator currents? (our control inputs are the stator voltages)
» How do we obtain the information about the rotor flux? (phase and magnitude)
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STATOR CURRENTS CONTROL

Control of the stator
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STATOR CURRENT DYNAMICS

From the previous analysis, the stator fluxes have been expressed as functions of the stator currents and of the rotor fluxes as

This expression can be replaced in the stator voltage balance equation

o doo
QS :RS '&S—F S +deés

dt
. di, Ly, do,
= Retot Loqm T 77y

L,
+ jwaleoty + jwd L_?T

This expression includes the derivative of the rotor fluxes space vector

We can use the expression from the previously computed rotor flux dynamic equation

g & L

q W we)e +phe = B

And replace it in the voltage balance equation of the stator currents, to eliminate the derivative

s
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STATOR CURRENT DYNAMICS

We can use the expression from the previously computed rotor flux dynamic equation

do R L,

= j(Wa — we )@ —|_L_TQT:RT 7 L
This expression can be replaced in the stator voltage balance equation
R do
V. = . ——5 ]
Uy s b+ g + jwad,
di Ly 49 Lo
— Rs "1 La — Lcr
di L, sd
:RS-’L —|—L di—l—JWdL Z + ( (i deé)
R i, + L, %% ( o, fb + Ry
= ) e S
Lot Lo gy L, Y
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L,
L.

L)

15



STATOR CURRENT DYNAMICS

We can isolate the terms that depend on the stator currents and the terms that depend on the rotor flux

de L. v/. R, L,, .
28 == RS . ZS —|_ LCT (i&; ‘|'_].de0-§.8 —|_ L_T (JWQQT - L_T?T' _|_ Rr L_TZS)
L2\ di, . . Ly, g, R,
= (R, + R, F) Ayt Lo gt o+ Jealoi + (jweg, — L—T@T)
. di, . .

W‘J W‘J
Equivalent Equivalent
Resistance back-EMF

The dynamics of the stator current is equivalent to the dynamics of an RL circuit with a series-connected voltage source

» Equivalent Resistance » Equivalent Inductance » Equivalent back-EMF
L? Ly L, — L? . _ R\ L,
Rin = Ro+ Ry 2 L, = =2 e = eatieg = (lwe = 7°) 7 9,
™ T
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STATOR CURRENT DYNAMICS

The dynamics of the stator current is equivalent to the dynamics of an RL circuit with a series-connected voltage source

di
Ve = Ryot - @.3 + L, dzts ""‘jdeUzs + €eq

By expressing this equation in the synchronous refernece frame and by separating the d-axis and g-axis components, it results:

f .
. dzsﬁd . Rrr- Lm
Vs,d = Rtot “ls.d + Lor dt — dechs,q — L—%Cbr
| dz L
. s : m
Vs, g = Rtot “ls,q + LO‘ dt’q + dechs,d + We L_gbr
9 r

It can be concluded that:

» The d-axis and g-axis components of the stator currents are dynamically coupled (need for cross-decoupling action)
» The equivalent back-EMF components depend on the rotor flux (need for feed-forward compensation)
» The equivalent back-EMF in the g-axis component depends on the rotor speed
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STATOR CURRENT CONTROL

The stator current dynamics are the same of an RL-circuit with a series voltage source
The d-axis and g-axis components can be decoupled with a standard cross-decoupling algorithm (same as in grid-connected converters)

f .
. dzs d . Rrr- Lm
Vs,d = Rtot “ls,d =+ Lor dt, — dechs,q — Tgbr
2 r
. dig _ L,
Us,qg — Rtot "ls,q + LO‘ dt’q + deazs,d + We L—¢T

&

The equivalent back-EMFs can be added in feed-forward as:

R, L, L.
12 qb?“ €q = We

€ = —

We need to examine one last aspect

» How do we obtain the information about the rotor flux? (phase and magnitude)
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FIELD WEAKENING

Consider the stator equation, previously obtained in terms of stator currents and rotor fluxes

di, L,,d¢ L

Us = Rg-i,+ L + =" 1 jwaLlei, + jwg—=
S S Zg g dt LT dt J d gtsg J d LT Q'f’
In steady-state operation and in the synchronous reference frame, the derivatives are zero and the space vectors are replaced by phasors
] L Ly
‘/:9 — Rs : Is +deLcrIs +deL_(I)'r
T

At high speed, the main contribution is due to the back-EMF

The magnitude of the stator voltage phasor can be approximated as

. L,
‘/s ~ deL_T(Dfr

Since the voltage magnitude is limited (DC-bus and insulation requirements), at high speed the rotor flux must be decreased

A Flux Weakening approach can be formulated based on the magnitude of the rotor flux

Similar as in scalar control, with the only difference in controlling the rotor flux instead of the stator flux
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ROTOR FLUX ESTIMATION

Estimation of the rotor flux vector
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NEED FOR ROTOR FLUX ESTIMATION

The field-oriented control is based on the control of the two components of the stator current vector

» The d-axis component of the stator currents can control the flux
» The q-axis component of the stator currents can control the torque

But, the stator current vector must be oriented correctly with respect to the rotor flux vector

We normally do not have any measurement available on the rotor side

» The rotor flux cannot be directly measured, and it must be estimated

Different approaches have been proposed, but the basic operation allow to distinguish two main approaches:

» Therotor flux is estimated indirectly from the rotor circuit model - Indirect FOC
» Therotor flux is estimated directly from the stator variables — Direct FOC

E P F L 14-Apr-25 EE-565
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INDIRECT ROTOR FLUX ESTIMATION

Indirect because the rotor flux is estimated from the rotor model

dﬂ” + j( Yo+ 1 ) Lan . (valid for any arbitrary reference frame)
Wq — We — = 1, vali |
dp T T W)l T @ = !
Separated into components leads to:
e
d¢’r,d 1 Lm .
< ST T Or.d — (Wd — We ) Pr g = T Lo
do, 1 L, .
dtq + T Gr.q + (Wd — We)r.a = T Us,q
\\

The goal is to align the reference frame to the rotor flux
If this is achieved, then all the rotor flux will be positioned on the d-axis, and the q-axis component should be zero
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INDIRECT ROTOR FLUX ESTIMATION

Consider the equation for the g-axis component, and assume that the magnitude of the flux is known

dpr, 1 Lo
dtq -+ T Gr.q + (Wd — We)r.a = T 1s,q

We can decide to set the angular frequency of our moving reference frame as:

Lm ?:S
Wy = We + — —1
Tfr gbr,d

In this case, the presence of the g-axis component of the current is neutralized, and the equation becomes:

dor, 1
) . :0
dt + T, Pra

This means that the g-axis component of the rotor flux will decrease to zero
with a first-order dynamics defined by the rotor time constant T,

In other words, our moving reference frame will align with the rotor flux position
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INDIRECT ROTOR FLUX ESTIMATION

We can decide to set the angular frequency of our moving reference frame as:

Lm 7:8
g

Wd = We + ——

TT ¢)T,d ?:-‘S._!’L —p (i(1

. . . . ) ls . bh —p
Once the g-axis component of the flux is neutralized, the equation of the d-axis fzi,;(-: abe

component becomes A

dpra | 1 Lo, & &

dt + T. gbfr‘,d — f ts.d

1s .d L m (.ID?"
>
eS T T ’+ 1

> O,

Us.q

This means that the d-axis component of the rotor flux evolves following Win p o
the dynamics of a first order system defined by the rotor time constant T.. !

In the Laplace domain, the relationship is represented by a low-pass filter

Qbr,d(S) = m Zs,d(s)

> 9(3.
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DIRECT ROTOR FLUX ESTIMATION

Direct because the rotor flux is estimated from the stator voltages and currents

The calculations are done in the stationary reference frame, considering the stator voltage equation

23: 8'23_’_

The stator flux is determined through integration
6,= [ (0~ Roi)a

The voltage vector can be obtained from the reference voltages given at the PWM modulator
(neglecting the voltage drops on the inverter and the delays, they are the average voltages applied to the machine)

With this operation, we know two (vector) variables of the system: stator currents and stator fluxes

Then, the rotor flux can be expressed as a function of the stator currents and of the stator fluxes

E P F L 14-Apr-25 EE-565
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DIRECT ROTOR FLUX ESTIMATION

The rotor flux can be expressed as a function of the stator currents and of the stator fluxes

The calculations are done in the stationary reference frame, considering the stator voltage equation

¢ :Ls'zs+Lm’Z’r

—S

¢ :LT.ZT'_FL?TL.@S

—Tr

From the first equation, we can express the rotor currents as function of the stator currents and stator variables

. 1 Ls
Zr_més_Lm 13

This expression can be replaced in the second equation, and the rotor flux is expressed as:

L L. L L L L?
:L'r'. Lm'.s: - o =g m'- — : - T(S__m)
2, it =0 o et me b = e — L a

L, L, I, |
= 256, ~ T Ly, = 7 (QS—L(,;S)

L.~ L,
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DIRECT ROTOR FLUX ESTIMATION

The rotor flux can be expressed as a function of the stator currents and of the stator fluxes

6, = 7= (6, 1n i)

This relationship has been obtained in the stationary reference frame

Once expressed in components, it results Us.a—\_ 3| 9. . 7| o, x| O,
r Vs h—p ' — L X Lim | T )
LT . Vs, c—W a})(j S L?‘ AX—P 9“;
¢r,o¢ — I §bs,oz — Ls ls,a '
< m RS Lg
Ly . oS Bl i |
¢7",ﬁ — ¢5’6 - LC" ZS:B 'Z;,\-.])—’
L L., is.c —»abc

Then, the magnitude and the position of the rotor flux can be computed as:

or =19 | = \/qu%,a + @2,5 0o = Lo = atan2(¢rg, dra) = atan(zr’ﬁ)(—l—w)
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SUMMARY

Vector (Field Oriented) Control
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MODEL IN THE REFERENCE FRAME OF THE ROTOR FLUX

The mathematical model of the machine is expressed in terms of stator currents and rotor fluxes
The model is expressed in a rotating reference frame synchronous with the rotor flux

Control of flux and torque are decoupled:

» The d-axis component of the stator currents can control the flux
» The g-axis component of the stator currents can control the torque

Stator Current Dynamics (for Current Control)

- ' dig g . R. L Equivalent Resistance
Vs,d = Riot - is,a + Lo—7~ —walois g — —75—br 72
dt Lz _ m
< d‘ Rtot —_— RS + RT’ F
. lg q . m r
= Riot - L : L —
\Us’q tot.* ba.q F Lo dt +Waliots,d T e L, Or Equivalent Inductance
. L,L,— L?
Rotor flux equations (for Flux and Torque Control) L, = 7
(de, 1 Lo, . '
dt + T ¢r = ? ls,d Equivalent back-EMF vector
T T
, €eqg = €d T)€q = \JWe — 7
Tem:—Pp_mgbfrqu ! ! ‘ L./ L, —"
2 L ’
. T
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TORQUE AND FLUX CONTROL

The mathematical model of the machine is expressed in terms of stator currents and rotor fluxes
The model is expressed in a rotating reference frame synchronous with the rotor flux

. R
Ii?f,\_'.{.
Control of flux and torque are decoupled: BN
» The d-axis component of the stator currents can control the flux
» The g-axis component of the stator currents can control the torque
Rotor flux equations (for Flux and Torque Control) .
|3k .
- D, Us.d
O Ly =2, = YL [
dt T, T, 7
< T T
3 _ L,
Tem — _P — ¢ 7:
p r Us,q
N 2 " L,
Reference stator currents _ _
( . . .T(:)}f} . Z‘ji(g
Z:, g = gb: / L., (in steady-state) — > EEICL’:_EEOCH - >

Y .. 2L, 11

.k

"1 3T P, b

T*

em

&

EE-565

E P F L 14-Apr-25

30



STATOR CURRENTS CONTROL

The mathematical model of the machine is expressed in terms of stator currents and rotor fluxes
The model is expressed in a rotating reference frame synchronous with the rotor flux

Control of flux and torque are decoupled:

» The d-axis component of the stator currents can control the flux
» The g-axis component of the stator currents can control the torque

Stator Current Dynamics (for Current Control)

( . dzs d . R"r‘ Lm
Vs, d = Rtot “1s.d + Lcr d?; — oJchrZs,q — 12 qbfr
< . "
dz L
Vs,qg — Rtot . 7:3’ -+ Lg =4 + CUdLg’!;S,d + we—mgbr
7 d dt L,

The stator currents are controlled with:

» PI Control (based on the error between reference and measurement)
» Cross-Decoupling terms (to neutralize the d-q axes interference)
» Back-EMFs Feedforward Compensation (to neutralize the effect of the rotor flux)
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ROTOR FLUX ESTIMATION

The model is expressed in a rotating reference frame synchronous with the rotor flux

The rotor flux position must be estimated properly

Indirect Rotor Flux Estimation (based on Rotor Equation)

( 4 Ly, isq
Wy = We + —
J Tfr gbr,d
doy. g 1 L, .
\ dt + Tr Qbr,d — Tr vs,d

Direct Rotor Flux Estimation (based on Stator Equation)

(Qs = /(28 — R, -i,)dt

6, = 7= (¢, - Lo i)
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BLOCK DIAGRAM

High
Voltage (HV)
Supply
FOC
[ G B
i ) - v Va_ref AH > 'S
br_rat Flux Iy rei | d el > o
| Contraller " AL .
3 : P Gan Power Asynchronous
Current > - i
Ghet_,,) Velocity fmrT far=t p| Controller Vq_-ar% dqto abe | Vb mr 5| Generator G Coverter Machine
Contraller BL >
! Gex |
s - | Vc_ref Ge >
L L - [
I
g l .
] ] fa‘
1
Flux 9 | abctodg i
Observer
Ig
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