Chapter 2
State Feedback Control

Abstract In this chapter we explore the advantages of feedback control assuming
that all the state variables are measurable. This is not a realistic assumption since the
rotor variables are usually not measured but it allows us to explore fully the poten-
tiality of feedback control. In Section 2.1 we establish that the feedforward control
does not guarantee the asymptotic stability of the desired operating point for every
initial condition and for every parameter value: the load torque in particular is a crit-
ical parameter. Hence, feedback control is needed to achieve the asymptotic stability
of the desired operating condition, for any load torque and for any initial condition.
Six feedback control algorithms are then presented. The most complex is the dy-
namic feedback linearizing control presented in the last Section 2.6, which imposes
an arbitrary linear dynamic behavior to the controlled motor. The input—output feed-
back linearizing control is presented in Section 2.4: it achieves arbitrary and decou-
pled linear dynamics for the two tracking errors of rotor speed and flux modulus; it is
generalized in Section 2.5 by an adaptive input—output feedback linearizing control
which identifies both the load torque and the rotor resistance in realistic operating
conditions. The identification of these two parameters allows computation online of
the optimal value of the rotor flux modulus which minimizes the power losses. All
three feedback linearizing control schemes have excellent performances provided
that the initial errors are sufficiently small: this is a significant limitation which is
removed by the global control with arbitrary rate of convergence presented in Sec-
tion 2.7. It is the evolution of the historically important direct field-oriented control
which is presented in Section 2.2 and its variant, the indirect field-oriented con-
trol, which is discussed in Section 2.3 and can operate from any initial conditions.
The field-oriented controls constitute a modification of the feedforward control dis-
cussed in Section 2.1 and contain the key steps to design the global control with
arbitrary rate of convergence, which can operate from any motor initial conditions.
The indirect field-oriented control is tested by experiments in Section 2.8 and its
robustness with respect to rotor resistance variations is explored.
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64 2 State Feedback Control

2.1 Stability Analysis of Feedforward Control

In this section we assume that the left inverse control (1.74) is applied as a feed-
forward control to the induction motor fixed frame model (1.26) and we study the
case in which the initial conditions are not compatible in (1.74). We have seen in
the previous chapter that if the initial conditions of the induction motor and of the
inverse system are compatible and the inverse feedforward control (1.74) is applied,
then the induction motor satisfies the equations
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in which the (d, ¢) reference rotating frame rotates at speed
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and it is identified by the angle &3 (¢) = p*(z) = p(¢) in the fixed (a,b) frame. The
crucial question we are going to answer in this section is the following: what hap-

pens when the initial conditions of the inverse control (1.74) are not compatible

and in particular when p*(0) # arctan ""”E g which is very likely to happen since

measurements of (Y,,, W) are typically not available? In other words we are go-
ing to explore the stability and the attractivity (see Appendix A) of the steady-state
solution (@*, y*,0, i:d,iﬁq). Since the rotor flux angle p no longer coincides with
the angle p*, consider the (d,q) frame identified by the angle &;. In the considered
(d,q) frame the induction motor satisfies (1.31) with @ in place of wy. If we now
subtract (2.1) from (1.31) we obtain the tracking error dynamics
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(2.3)

2.4)

which corresponds to zero tracking errors, is clearly an equilibrium point for the
tracking error dynamics (2.3): this is the case of compatible initial conditions in

which
®(0) = 0*(0)

Vra(0) = y7(0) cos p*(0)

Vii(0) = 7 (0)sinp™(0)

In order to have a more compact notation, let us rewrite the tracking error dynamics

in terms of the tracking errors
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Many questions are naturally posed on the tracking error dynamics (2.5): is the ori-
gin stable, asymptotically stable, exponentially stable, globally asymptotically sta-
ble, globally exponentially stable? How large is the region of attraction of the origin
and what is the influence of critical parameters, such as rotor resistance R, and load
torque 77, on the region of attraction and on the dynamic behavior? These questions
have no simple answers since the system (2.5) is nonlinear and time-varying when
the reference signals (@*, y*) are time-varying. On the other hand, these questions
are extremely important since, for instance, if the origin were globally exponentially
stable with satisfactory transient properties and robustness with respect to parameter
variations then no feedback control would be needed and the feedforward control
(1.74) would achieve the tracking of (®*, y*) from any initial condition. To examine
one of those questions, consider the error system dynamics (2.5) and compute the
equilibrium points for (2.5) in the case of constant references (@*, y*) and Tj, # 0.
In order to use a more compact notation and simplify the analysis, define the track-
ing error variables

24 = lsa + BV
2g = lsg+ By

so that the error system (2.5) in the case of constant references (®*, y*) may be
rewritten in the simpler form
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in which the following reparameterization is used
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By direct computation it is possible to show that there exist constant references
(o*, y*) and Ty, # 0, which are within physical bounds such that the tracking error
dynamics (2.6) have an explicitly computable additional equilibrium point besides
the origin whose first component

@, = (BKCF — By uF — A — AF?) " {aﬁzMCkz — afMBK
—aSMAFk — BCDK?> + BkCFE — K*AE + k*>BD + BF>D — AF*E

is nonzero. Hence, for such references and load torque values, the origin is not a
globally attractive equilibrium point for (2.6) and rotor speed tracking cannot be
achieved for any motor initial condition. Furthermore, consider the linear approxi-
mation about the origin of system (2.5):
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According to the linear approximation Theorem A.7 in Appendix A, if the load
torque satisfies the inequality

? > (1+MB)*y*

L
then the origin is an unstable equilibrium point for the error system (2.5). Recall that
in the analysis of the torque—speed characteristic curve in Section 1.3 we observed in
Figures 1.5 and 1.6 that unstable operating conditions at low rotor speed correspond
to low rotor flux modulus and high load torques.

In conclusion, there exist constant references (@*, w*) and 7y, # 0 such that
the feedforward control (1.74), specialized to the case of constant rotor speed
and flux modulus references (see Figure 2.1 for current-fed motors),
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Fig. 2.1 Feedforward control for current-fed motors (constant references @*, y*)
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depending on the reference signals (@*, y*), on the initial condition p*(0),
and on the machine parameters M, R, L,, J, Ry, Ly, does not guarantee ro-
tor speed tracking for any motor initial condition. Furthermore, the origin of
the error system (2.5), which implies zero tracking error, is unstable if the

*2
inequality |77 | > (H'M# is satisfied.

Hlustrative Simulations

We tested the feedforward control (2.8) by simulations for the three-phase sin-
gle pole pair 0.6-kW induction motor whose parameters have been reported in
Chapter 1. All the motor initial conditions have been set equal to zero except for
V,4(0) = y,5(0) = 0.1 Wb. The references for the speed and flux modulus along
with the applied load torque are reported in Figures 2.2-2.4. The rotor flux modulus
reference signal starts from 0.001 Wb at = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until # = 0.32s and grows up to the constant
value 100rad/s; at t = 1.5s the reference for the flux modulus is reduced to 0.5 Wb.
A 5.8-Nm load torque is applied to the motor and then is reduced to 4.8 Nm. Fig-
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ures 2.3 and 2.4 show the time histories of rotor speed and flux modulus along with
the corresponding tracking errors: the rotor speed and flux modulus are regulated
to their corresponding references as long as the load torque satisfies the inequality

*2
T < %J:Mﬁ), while rotor speed and rotor flux modulus regulation is not achieved

*2
when the load torque is greater than M In fact, for a load torque 7;, = 4.8 Nm

and a constant rotor flux reference y* = 0.5 Wb, the origin of the error system (2.5)
is unstable while the computed additional equilibrium point for (2.5) is exponen-
tially stable. Finally, the stator currents and voltages profiles, which are within the
physical saturation limits, are reported in Figures 2.5 and 2.6.
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Fig. 2.3 Feedforward control: rotor speed @ and its reference @*; rotor speed tracking error
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Fig. 2.4 Feedforward control: rotor flux modulus /y2, + V’rzb and its reference y*; rotor flux
modulus tracking error

Fig. 2.5 Feedforward control: stator current vector (a,b)-components

A second simulation is performed in order to illustrate, in the particular case in
which the origin of the error system (2.5) is exponentially stable according to the
linear approximation Theorem A.7 in Appendix A, the effect of uncertainties in both
load torque and rotor resistance. All motor initial conditions have been set equal to
zero except for Y,,(0) = y,,(0) = 0.1 Wb. A 5.8-Nm load torque is applied to the
motor and is reduced to 0.5 Nm as shown in Figure 2.7. The references for the speed
and flux modulus are reported in Figures 2.8 and 2.9. The rotor flux modulus ref-
erence signal starts from 0.001 Wb at r = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until # = 0.32s and grows up to the constant
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Fig. 2.6 Feedforward control: stator voltage vector (a,b)-components

value 100rad/s; at r = 1.5s the reference for the flux modulus is then reduced to
0.5Wb. The value of the rotor resistance used by the feedforward control is 50%
greater than the true value R, = 3.3 Q2 while only a 0.2-Nm load torque is compen-
sated by the controller for ¢ > 15 (see Figure 2.7). Figures 2.8 and 2.9 show the time
histories of rotor speed and flux modulus along with the corresponding tracking
errors: note that steady-state errors appear as expected. Finally, the stator currents
and voltages profiles, which are within the physical saturation limits, are reported in
Figures 2.10 and 2.11.
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Fig. 2.7 Feedforward control with parameter uncertainties: applied load torque 7; and compen-
sated load torque
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Fig. 2.8 Feedforward control with parameter uncertainties: rotor speed @ and its reference *;
rotor speed tracking error
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Fig. 2.9 Feedforward control with parameter uncertainties: rotor flux modulus /2, + V/rzb and its
reference y*; rotor flux modulus tracking error

In summary, we have shown that the feedforward control (2.8), which is required
to keep the motor at constant speed ®* with a desired constant flux modulus y*,
does not guarantee the regulation to @* for any motor initial condition and may
yield unstable steady-state operating conditions depending on load torque 77, mo-
tor parameters, and desired flux modulus y*, even when exact parameter values are
used in (2.8). On the other hand, if the values of the critical parameters R, and 7,
used in (2.8) do not coincide with the corresponding actual values then the simu-
lations show that steady-state tracking errors appear. Feedback is then required to
guarantee asymptotically stable operating conditions for any initial condition and,
at the same time, robustness with respect to uncertainties in critical motor parame-
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Stator currents (a,b)
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Fig. 2.10 Feedforward control with parameter uncertainties: stator current vector (a,b)-
components

Stator voltages (a,b)
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Fig. 2.11 Feedforward control with parameter uncertainties: stator voltage vector (a,b)-
components

ters such as rotor resistance and load torque. This goal will be achieved in the next
sections.

2.2 Direct Field-oriented Control

The purpose of this section is to illustrate the benefits of feedback control. Consider
the reduced third-order model in the (d,q) frame rotating at rotor flux speed of
rotation P and identified by the rotor flux angle p (see (1.39))
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do _ oy I
dr = UV sq 7
dy, ;
% = =0y + aMiy
dp oMiy,
— =0+ 2.9)
dr Vra (

in which the pair (is,isq) in (1.41) is viewed as the control input vector, under the
assumption that the actual physical inputs (usq,usy) in (1.42) can be designed to
track very quickly any desired stator current pair (ig,is). The currents (isg,isg),
which are related to the stator currents (isq,i5) in the fixed (a,b) frame attached to
the stator by the nonsingular transformation (recall (1.30) with & = p and (1.37),
(1.38))

Wra

VATV

Yrp
Vv,
[’} - [Cf)s” Smp] {’Fd] (2.10)
ish sinp cosp Isq
are to be designed to track the desired signals (©*, y*).
The structure of system (2.9) in the rotating frame is very suitable for multivari-
able feedback control design as the field-oriented control strategy shows. The flux

modulus dynamics are linear and can be independently controlled by is; while, when
the flux modulus y,, coincides with its reference y*, the rotor speed dynamics

cosp =

sinp =

do 5. TL
— = MY iy — —

2.11
dr J ( )

are also linear with respect to iy, and can be independently controlled by iy,. Since
the unforced direct flux y,; dynamics

d Yid
dr

= — W 2.12)

are asymptotically stable (¢ > 0) when iy = 0, the control input i;; can be designed
as the following feedforward signal (recall (1.67))

= 2.13
Lsd M + aM ( )
which, substituted in (2.9), gives (recall that ¥,y = W,y — ¥*)
Ji
Y _ oy . (2.14)

dr
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On the other hand, from the first equation in (2.9), the speed error dynamics are

(recall that @ = 0 — @*)
dod
dr

. . .
= UVYpqlsqg — 7 -

) . .
— uy zsq—7L+uw,dzsq—w : (2.15)

Define the control for iy, as (kq is a positive control parameter)
1 T
g = —— | —ke®+ @ + = 2.16
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and substitute it into the first equation in (2.9) or, equivalently, in (2.15) so that

dao

dr = *kmd"‘f‘ﬂ‘i’rdisq (2.17)

in which W,4(¢), according to (2.14), is an exponentially decaying signal for any
V,4(0). According to (2.16), (2.17) may be rewritten as

dd)__ lT/rd ~ % -k E
i kw[l+w*}a)+ v (w +J>. (2.18)

On the basis of (2.14) and (2.18), we conclude that @(¢) is bounded in the time
interval [0,,], with z, any positive real. On the other hand, according to (2.14), for
any initial condition ,,(0) and any positive real < 1 there exists 7, > 0 such that,
forall t > 7,,

"j/rd(t) <1_n-

(1)

Therefore, according to (2.18), @(¢) is an exponentially decaying signal for any
initial condition @(0). Note that in order to avoid the singularities in the controller

at Yy = /W2, + l[/fb = 0 which appear in (2.10), according to (2.14) y,;(0) must
be greater than zero so that y,,(¢) > 0 for all > 0.

<

In conclusion: the direct field-oriented control (see Figure 2.12) is defined as
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Fig. 2.12 Direct field-oriented control for current-fed motors (constant references @*, y*)

\/ lIlrza + Wfb
sinp = ——>r (2.19)

\ Vit vy, |

it is a static nonlinear feedback control algorithm which depends on the
measurements of the state variables (@, W4, W,p), on the reference signals
(o*, y*), on the positive control parameter kg, on the load torque 77, and on
the machine parameters M,R,,L,,J, since i = JMLr and o = IL%; it guarantees
that, for any initial condition of the current-fed reduced order motor model
(2.9) such that y;4(0) > 0, the rotor speed and rotor flux modulus tracking
errors decay exponentially to zero.
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Remarks

1. The name direct field-oriented control is due to the fact that the stator current vec-
tor (isq,isp) TOtates at the same speed p at which the rotor flux vector (W4, Wrp)
rotates, i.e. it follows the orientation of the flux vector. The quadrature axis com-
ponent iy, of the stator current vector is responsible, according to (2.16), for the
rotor speed tracking and depends on the load torque 77, while the direct axis
component iy; of the stator current vector is responsible, according to (2.13), for
the tracking of the rotor flux modulus.

2. The direct field-oriented control (2.19) is a static state feedback control which
generates bounded currents (iy,,ig) for every state value (@, W,4,p); it is not
well defined at y,; = 0 where (2.9) is no longer an equivalent description of the
fixed frame model (1.26).

3. The measurements of (Y,4, Y,;,) are required; the critical parameter R,, which
appears in iy through a = % when the reference y* is not constant, is required
only when the reference l//*ris time-varying; if y* is constant the direct field-
oriented control does not depend on R,.

4. If the flux modulus and the rotor speed are constant and equal to the desired
values (@*, y*) then the rotor flux rotates at constant speed w = (@0* + @), with
W = ZA;, g, and the induction motor is driven by the sinusoidal currents obtained

from (2.19):

==

isa] _ [cos(p(0)+wr) —sin(p(0)+wr)] | ¥

[isb} n { sin(p(0) +wt) cos(p(0)+ wr) ] |

5. The direct field-oriented control (2.19) achieves asymptotic input—output feed-
back linearization: according to (2.14), the closed-loop dynamics for (y,y — y*)
are linear with a time constant equal to o ~! = L,R;"! depending on the machine
parameters; according to (2.17), once Y,y tends to its reference y*, the closed-
loop dynamics for @ tend to be linear with arbitrary time constant k,'. During
the transient, the nonlinear term J U ,4is,, Which represents the electromagnetic
torque T, in the first equation in (2.9), makes the first two equations in (2.9) still
nonlinear and coupled: for this reason the speed transients may be unsatisfactory.

6. The direct field-oriented control (2.19) can be simply modified by replacing v,y
with its reference y* in the dynamic equation which generates the angle of rota-
tion of the (d, g) reference frame, so that the indirect field-oriented control which
will be discussed in the next section (&(0) is an arbitrary initial condition)

isa| _ | cOSE —singy | | isa
iy | | singy cosg isq

dey oMiy,

_— = =

a o + "
S A
ST M
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. 1 s s L

Isg = e ko (0— ")+ 0" + 7 (2.20)
is obtained. Note that (2.20) is always well defined even at y,; = 0 where (2.19)
is, on the contrary, not well defined. Furthermore, (2.20) does not require the
measurement of rotor fluxes (W4, ;) but only the measurement of @ while &
no longer coincides with the rotor flux angle p.
The direct field-oriented control (2.19) can be modified to obtain input—output
feedback linearization (and not only asymptotic input—output feedback lineariza-
tion) by using W, in place of y* in the iy, espression and by adding a feedback
term in the is; espression in (2.19) as follows:

isa| _ |cosp —sinp | | iy
iy | |sinp cosp isq
* ok k d — *
=Y v kWa—y)

M aM oM
1 1L
Isg = —kep (0 — ")+ "+ —
1 UV |: CO( ) J:l
Vrd = YraCOSP + Yy sinp
VYRV,
sinp = —— 2.21)

\/w3a+wfb;

substituting (2.21) in (2.9) we have for the rotor speed and flux modulus tracking
errors

dy, .
P — (k) (2:22)

which clarifies that the dynamics for the speed and flux modulus tracking er-
rors are decoupled and linear with arbitrary time constants k' and (a + kl,,) -
Note, however, that exact input—output decoupling and linearization have been
achieved by the controller (2.21) at the expense of a singularity at y,; = 0 which,
in contrast to the indirect field-oriented control (2.20), may imply very large cur-
rents (iyq,15) When W, is close to zero.

It is instructive to compare the structures of the following four control algorithms:
the feedforward control (1.74), the indirect field-oriented control (2.20), the di-
rect field-oriented control (2.19) and the input—output feedback linearizing control
(2.21). They are listed in terms of increasing complexity. In fact, the feedforward
control (1.74) requires no state variable measurements but precise initialization for
p*(0). The indirect field-oriented control (2.20) requires only rotor speed measure-
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ments which are used to introduce the feedback term —kg (0 — ®*) in the expres-
sion of iy, and to replace ®* by ® in the dynamic equation which produces the
rotation angle & and can be arbitrarily initialized: the first action is the classical
feedback proportional to the speed tracking error, while the second action is uncon-
ventional and is aimed to achieve the field orientation without flux measurements,
as we shall see in the next section. Both the direct field-oriented control and the
input—output feedback linearizing control generate the rotation matrix on the basis
of rotor flux measurements (W4, ¥;;,) without computing the angles p* or & by
integration: they differ since the input—output linearizing control contains an addi-
tional feedback term —ky (y,q — ¥*)/(aM) in the expression of is; and makes use
of y,, instead of its reference y* in the expression of ig,.

Illustrative Simulations

We tested the direct field-oriented control by simulations for the current-fed three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1: stator currents dynamics have been neglected so that the stator
currents (i, ig) constitute the motor control inputs. The rotor speed initial condi-
tion has been set equal to zero while the rotor fluxes initial conditions have been
set equal to W,,(0) = y,(0) = 0.1 Wb. The control algorithm has been tested us-
ing the control parameter (the value is in SI units) ki = 12, which directly affects
the speed tracking error dynamics. The references for the speed and flux modu-
lus along with the applied load torque are reported in Figures 2.13-2.15. The rotor
flux modulus reference signal starts from 0.001 Wb at = Os and grows up to the
constant value 1.16 Wb. The speed reference is zero until £ = 0.32s and grows up
to the constant value 100rad/s; at + = 1.5s the speed is required to go up to the
value 200rad/s, while the reference for the flux modulus is reduced to 0.5Wb. A
5.8-Nm load torque is first applied to the motor and then is reduced to 1.8 Nm. Fig-
ures 2.14 and 2.15 show the time histories of rotor speed and flux modulus along
with the corresponding tracking errors: the rotor speed and flux modulus track their
references tightly. As illustrated by Figure 2.16, the motor trajectories in the state
space tend to two attractive limit cycles corresponding to the two constant operat-
ing conditions imposed by the reference signals. Finally, the stator currents profiles,
which are within the physical saturation limits, are reported in Figure 2.17. It is very
interesting to compare Figures 2.2-2.5 which illustrate the feedforward control per-
formance with Figures 2.13-2.17 which illustrate the performance of the feedback
direct field-oriented control for the same parameters and similar reference signals.
The rotor speed tracking errors (see Figures 2.3 and 2.14) are two orders of magni-
tude smaller in the feedback case (maximum error of Srad/s and 0.09rad/s, respec-
tively). Moreover, the feedback control also achieves very precise tracking when the
load torque reduces its value to 1.8 Nm. Similar improvements are obtained in rotor
flux tracking (compare Figures 2.4 and 2.15).
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Applied load torque
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Fig. 2.13 Direct field-oriented control: applied load torque 7,
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Fig. 2.14 Direct field-oriented control: rotor speed @ and its reference w*; rotor speed tracking
error

So far we have designed the direct field-oriented control (2.19) and its variants (2.20)
and (2.21) on the basis of the reduced order model (2.9) in which the stator current
dynamics have been neglected, which is clearly an approximation. Reconsider now
the full order model (1.39) expressed in the state coordinates (1.41) and in the con-
trol coordinates (uy,us,) which are related to the original control inputs (usq, us)
by

{um] _ [cosp —sinp] [usd} (2.23)

Ugp sinp cosp Usq
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.15 Direct field-oriented control: rotor flux modulus 4/ W2, + !/Irzb and its reference y*; rotor
flux modulus tracking error
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Fig. 2.16 Direct field-oriented control: (W,q, W5, @)-trajectories

Let us now design (usq, Usq) as state feedback controls so that the desired references
(w*, y*) are asymptotically tracked. From the last two equations in (1.39) define
the state feedback control

. Mis,
Usg = O | —Wigg — p _ﬁallfrd"f'vd
T
aMii
Uyg = 0 | @iy + ——L 4 By, +v, (2.24)
rd

in which (v4,v,) are new control inputs yet to be designed. Note that the state feed-
back control (2.23), (2.24) introduces a singularity at y,; = 0 so that very large input
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Stator currents (a,b)
15 T T T T T T T T T

Fig. 2.17 Direct field-oriented control: stator current vector (a,b)-components (isq, isp)

voltages are to be expected when the rotor flux modulus is close to zero. Substituting
(2.24) in (1.39) we obtain the closed-loop system

dw . T
o HWYralsqg — 7
dé‘;q = —Yisg+ vy
dZ/t’d = —QW,y +aMiy
d(;;d = —Yisa +Vd
%’j — o+ O‘;‘Z“f . (225)

In other words, the system (1.26) is transformed into (2.25) by the state space change
of coordinates (1.41) and the state feedback control (2.23), (2.24) provided that
Vg # 0, since in y,; = 0 the field-oriented model (1.39) is no longer an equivalent
description of the fixed frame model (1.26). The closed-loop system (2.25) has a
much simpler structure than system (1.26): the flux amplitude dynamics are linear

d Vrd

dr = —QVYy + aMiy
di ,
d;d = —Yiy+vg (2.26)

and can be independently controlled by v, for instance via a proportional-integral
(PI) controller (kg and ky; are positive control parameters)
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V1) = ~kap(Va0) =¥ 0) —Kas [ (ra(®) = W' ()T, 227

Once the flux amplitude y,, tracks its reference y*, the rotor speed dynamics are
also linear

do i L

a MY baTy

di, ,

5 = VetV (2.28)

and can be independently controlled by v, for instance via two nested loops of PI
controllers (ky, and k,; are positive control parameters)

vq(t) = —kgp(Te(t) = T,°(1)) — kgi Ot(E(T) — T,/ (1))dt (2.29)

with (k7 and k; are positive control parameters)

T.(1) = uyna(t)isg (1)
T, (t) = —krp(@(t) — 0" (1)) — kr; ./ol<w(f) —o*(1))dr. (2.30)

We can then say that the state feedback control (2.23), (2.24) achieves asymptotic
input—output linearization and decoupling since the first four equations in (2.25)
tend to the linear ones (2.26) and (2.28) as y,4 tends to its reference y*; moreover
the outputs @ and y,; can be independently controlled by the new inputs v, and v,
respectively. Note, however, that during flux transients the nonlinear term J U, zisg,
which represents the electromagnetic torque 7, in the first equation in (2.25), makes
the first four equations in (2.25) still nonlinear and coupled; consequently, the speed
transients are difficult to evaluate and may result unacceptable when the flux under-
goes a transient to improve efficiency.

2.3 Indirect Field-oriented Control

The indirect field-oriented control (2.20) is a modification of the direct field-oriented
control (2.19) which uses, instead of the rotor flux angle p, an arbitrary rotating
angle & which is generated replacing v, by its reference y* in the differential
equation defining the & dynamics, i.e.

. . v + Yy

Isa | _ | cOsE& —sing T i

ish singy cos & ﬁ [fkw (0— ")+ 0* + %}
de aMi

=0+ 5q

dr Y
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oM o, 1L
=0+—— |—kp(®—0")+ 0"+ 2.31
with arbitrary &y(0).
The indirect field-oriented control (2.31) may also be designed directly on the
basis of the first three equations in the rotating frame model (1.31):

do ) . 1L
ar =Hu (Wrdl‘\'q - llqulsd) A
d .
% = — 0V + (0 — ©) Yy + aMiyy
dy, .
Z’t‘f — — Yy — (@) — ©) Yoy + AMiy, . (2.32)

Let (w*(¢), y*(¢),0) be the reference signals for (@(t), W,q(f), Wiry(f)): (2.32) can
be rewritten as (@ = ® — ®", Yoy = Yg — ¥, Yry = Yyy)

d@d o o s I

? = .u(Wrdlsq_ l//rqlsd)"'.uw lgg— @O — 7
dlprd _ ~ - * iy .

G = OVt (@0 — o) Yy — oy =y + aMisg

W _ ~ *+aMi 2.33
o = OV~ (00— @) Ya — (@0 — @)y + aMiy (2.33)

Our goal is to design a dynamic feedback control

isa| | CcOSE) —sINgp | | isa
iy | | sing cos& | |isg
& = myp (2.34)

so that the tracking errors (@, {4, ¥y4) tend exponentially to zero from any initial
condition. Note that by introducing a dynamic feedback we add an extra degree of
freedom in the design since we can now freely choose in (2.33) three independent
feedback terms (iq, isq, @p) in place of (iyy, isy) Which are at our disposal if a static
feedback is designed. We design (isq,isq, @) as feedback terms so that
* » -k TL *
WY lsq =@ = = —ko(0 — @7)
-yt — 4 oMiy =0
—(p — 0)y* + aMiz, = 0 (2.35)
since, substituting (2.35) in (2.33), we obtain
do
dr
dq/rd
dr

— ko ®+ 1 (Vraisg — Wrqisa)

= =0+ (0 — @) Py
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APy

dr = 70“I7rq* ((D()—(D) g -

Solving (2.35) for (isq,isq, @), we explicitly obtain the feedback terms to be used
in (2.34)

v
ST M T aM

1 ) 17,
lsqg = —ke (00— o o+ =
T Ly [ al )"+ J}

which, substituted in (2.34), gives exactly the indirect field-oriented control (2.31)
in (a,b) coordinates.
The advantages of (2.31) with respect to (2.19) are:

1. while (2.19) is not well defined at y2, + l//rzh = 0, the indirect field-oriented con-
trol (2.31) is always well defined since y*(t) > ¢y > 0 for all > 0;

2. the control (2.31) requires only the measurement of rotor speed @ while (2.19)
also requires the measurement of (Y., ;) to compute cos p and sinp;

3. the control (2.31) is a dynamic first order output feedback controller for the
current-fed model (2.9) from rotor speed measurements while (2.19) is a static
state feedback controller for the same reduced order model (2.9) from rotor speed
and flux measurements.

We now substitute (2.31) in the first three equations of the fixed frame model (1.26):
to evaluate the closed-loop stability it is more convenient to use directly the rotating
frame model (1.31) in the (d, q) reference frame rotating at the speed

dey
— = 2.36
o - W (2.36)
defined in (2.31). Substituting
v
b= T am
' L (@ w*)+w*+TL (2.37)
g = —— |— — L _
sq Ly ® 7

in the first three equations of model (1.31) we obtain for the second equation in
(1.31)
dip[’rd
dr

= _alprd + (COO - (D) lT/rq (2.38)
while for the third equation in (1.31), since

(00— @) y* = aMig,, (2.39)
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we have

dy,
dr

= =0y — ((1)0 - (O) Wra - (2.40)

The first equation in (1.31) can be rewritten as

dw

.. T o .
o = Wi - 7L+u(wrdlw— Vrgisa) (2.41)

so that, substituting (2.37) in (2.41), we obtain

do - o _
E = —kp®+ U (Wrdlsq - qulsd) (2.42)
which along with (2.38) and (2.40), namely
|:‘Z/rd:| _ { —a ((00—(0)} |:ll:/rd:| (2.43)
l1Urq - ((J)() - U)) — qu ’

constitute the closed-loop linear, time-varying tracking dynamics in the (d, ¢) frame
defined by (2.36). Consider the positive definite function

1

V= §V~fr2d+

%tifi, (2.44)
whose time derivative along the trajectories of the closed-loop system (2.43) is

V=—ayy,—ay,=-2aV. (2.45)
Since, according to (2.45),

V(t) = e 2%V(0) (2.46)

we can establish that {,4(f) and {,,(f) exponentially tend to zero for any initial
condition (¥,4(0), ¥4(0)). In particular, since Y,,(r) tends to zero, (&(t) —p(t))
tends to zero, i.e. the (d,q) frame rotating at speed @y () given by (2.36) will tend
to have its d-axis coincident with the rotating rotor flux vector: field orientation is
asymptotically achieved. According to (2.37), (2.42) may be rewritten as

do _ —kg [1+ w’d} @
v

dr *

T =3 el
(w*+L) — Uy H’/[+ v ] . (2.47)

lN/fi’d
* J aM

+
Y

According to (2.46) and (2.47), @(¢) is bounded on [0, #,] with #, any positive real.
On the other hand, according to (2.46), for any initial condition (y,4(0), y,,(0)) and
any positive real 11 < 1 there exists 7, > 0 such that for all t > 7,
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v (1)

87

Therefore, according to (2.47), @(¢) is an exponentially decaying signal for any

initial condition @(0).

Fig. 2.18 Indirect field-oriented control for current-fed motors (constant references @0*, y™*)

In conclusion: the indirect field-oriented control (see Figure 2.18) is defined

as
isa| _ | COSE —singy | | isq
iy | ~ | sing cos&y Isq

A y*

b =0 T om

. " w Ir

lsq:W —kw(a)—a))+a) +7
dey oMiy,
2Dy, 2.48
ar o+ v (2.48)

it is a first order dynamic control algorithm which depends on the measure-
ments of the rotor speed ®, on the reference signals (®*, y*), on the arbitrary
initial condition &y(0), on the positive control parameter kg, on the load torque
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Tr, and on the machine parameters M,R,,L,,J, since U = JMT, and o0 = Iz—:; it
guarantees that, for any &(0) and for any initial condition of the current-fed
reduced order motor model (2.32), the rotor speed and flux modulus tracking
errors decay exponentially to zero.

Remarks

1. The name indirect field-oriented control arises from the fact that it is obtained
from the direct field-oriented control by using the angle & in place of the the
rotor flux angle p: the rotor flux angle dynamics

d i
dp — o+ aMiy
dr Vrd

with p(0) = arctan ( K: ’; Eg;) are replaced by

dey —w oMig,

dr v

with arbitrary £(0) in which the reference flux y* simply replaces the unmea-
sured y,4. Note that, even though & does not coincide with the rotor flux angle
P, [€0(¢) — p(#)] exponentially tends to zero for every initial condition &(0): the
remarkable fact is that field orientation is achieved for any &,(0).

2. As in direct field-oriented control, according to (2.37), the quadrature axis com-
ponent iy, of the stator current vector is responsible for the rotor speed tracking
and depends on 77, while the direct axis component iy of the stator current vector
is responsible for the tracking of the rotor flux modulus.

3. The critical parameter R, is required to generate the angle & in (2.48), since ot =
R, /L,. This feature makes the indirect field-oriented control more sensitive with
respect to & than the direct field-oriented control, as the experiments reported
in Section 2.8 confirm. As we shall see in Chapter 3, the online identification
of o is related to the estimation of the rotor flux, so that the need for rotor flux
estimation, which is seemingly eliminated by the indirect field-oriented control,
reappears through the critical parameter o, whose identification is very closely
related to the flux estimation.

4. The measurement of @ is always required in (2.48) even when stringent specifi-
cations on speed dynamics are not required so that the gain k¢, in iy, is set equal
to zero. In fact, @ is still needed to compute the angle &.

5. As in direct field-oriented control, if the flux modulus and the rotor speed are
constant and equal to the desired values (@*, y*), then the rotor flux rotates at
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constant speed w = (a)* + (Ds)7 with @y = (Zl[ljll*TzL , and the induction motor is driven

by the sinusoidal currents obtained from (2.48):

isa | _ | cos(€(0)+wt) —sin(gy(0) + wr) "'y*

{isb} B [ sin(gy(0) +wt) cos(&(0) + wr) } e |

6. According to (2.47), once W, tends to its reference y* and v, tends to zero, the
closed-loop dynamics for @ tend to be linear with arbitrary time constant kg'.
During the transient, the nonlinear term JU (W,qisy — Wrgisa), Which represents
the electromagnetic torque 7, in the first equation in (1.31), makes the first two
equations in (1.31) still nonlinear and coupled: for this reason the speed transients
may be unsatisfactory, for instance when the flux modulus is adjusted to improve
power efficiency.

Illustrative Simulations

We tested the indirect field-oriented control by simulations for the current-fed, three-
phase, single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1: stator currents dynamics have been neglected so that the stator
currents (igq,ig) constitute the motor control inputs. The rotor speed initial condi-
tion has been set equal to zero while the rotor fluxes initial conditions have been
set equal to W,,(0) = y;;(0) = 0.1 Wb. The control algorithm has been tested with
the control parameter (the value is in SI units) k, = 12, which directly affects the
speed tracking error dynamics, and the initial condition &(0) = 0. The references
for the speed and flux modulus along with the applied load torque are reported in
Figures 2.19-2.21. The rotor flux modulus reference signal starts from 0.001 Wb
at t = 0s and grows up to the constant value 1.16 Wb. The speed reference is zero
until # = 0.32s and grows up to the constant value 100rad/s; at ¢t = 1.5s the speed
is required to go up to the value 200rad/s, while the reference for the flux modu-
lus is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor at r = 0.5s
and is reduced to 1.8Nm at t = 1s. Figures 2.20 and 2.21 show the time histo-
ries of rotor speed and flux modulus along with the corresponding tracking errors:
both the rotor speed and the flux modulus track their references tightly. As illus-
trated by Figure 2.22 the motor trajectories in the state space tend to two attractive
limit cycles corresponding to the two constant operating conditions imposed by the
reference signals. Finally, the stator currents profiles, which are within physical sat-
uration limits, are reported in Figure 2.23. We now compare the performance of the
direct field-oriented control illustrated in Figures 2.13-2.17 with the performance
obtained by the indirect field-oriented control illustrated in Figures 2.19-2.23 for
the same motor, same initial conditions, same motor parameters, same control pa-
rameters (ky, = 12), and same reference signals. While the stator current inputs can
be hardly distinguished (compare Figures 2.17 and 2.23) and the state space trajec-
tories are very similar (compare Figures 2.16 and 2.22), the only difference is in
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the transient behavior of the speed errors (compare Figures 2.14 and 2.20), which
shows a worse speed transient during the time interval [0, 1] s in which the rotor flux
error is different from zero (see Figure 2.21) when the indirect field-oriented control
is used.

Applied load torque
T T

L T T T T T T T

Fig. 2.19 Indirect field-oriented control: applied load torque 77,

Rotor speed (solid) and its reference (dash)
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mc{l 0.5 1 1.5 2 25 3 335 4 4.5 5

Rotor speed tracking error
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Fig. 2.20 Indirect field-oriented control: rotor speed @ and its reference @*; rotor speed tracking
error

So far we have designed the indirect field-oriented control (2.48) on the basis
of the reduced order model (2.9). If the full order model (1.31), expressed in the
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.21 Indirect field-oriented control: rotor flux modulus 4/ W2, + !/Irzb and its reference y*;
rotor flux modulus tracking error
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Fig. 2.22 Indirect field-oriented control: (W4, Wy», ®)-trajectories

state and control coordinates (1.30), is considered, then (i, usq) are to be designed
as state feedback controls so that the reference signals (@*, y*) are asymptotically
tracked. This can actually be achieved by defining the speed of the rotating (d,q)
frame and the reference signals for the stator current vector (d,q) components as

dey oMiy,
— ==

dr @ + y*

VLV

e = Y

o 1 * .k TL

it = ——|—kp(@—0")+ 0"+ = (2.49)
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Stator currents (a,b)
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Fig. 2.23 Indirect field-oriented control: stator current vector (a,b)-components (isq,isp)

and the stator voltages (usq,us4) in the (d,q) frame rotating at speed @y as (k; is a
positive control parameter)

-k

. . di L .
Usg = O |:Ylsd — Wolsg — ﬁalVrd - ﬁwllqu + d;d —k; (lsd - lm{) - aM(lllrd -y ):|
= " jsd — disg — ki (isg—i* 2.50
Usg = O | Vigy + Wplsq ﬁO“qu""Berd“" ar i (lsq lsq) (2.50)

in which, according to (2.49) and the first equation in (1.31), the time derivatives of
iy, and iy, are given by

di, v~ n 4

dr M  aM

di* 1 o i vt . T
sg L . e _ B . i
. . L. .. s
= e [ [ =i~ -0 o]
v o s 1L
g | Ke(@— =1 - 2.51
H‘I’*Z{ o(® a))+w+1} (2.51)

Exponential rotor speed and flux modulus tracking can be proved for any motor
initial condition (see Problem 2.6). However, as in the current-fed case, the rate of
convergence depends on «, according to (2.46).
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2.4 Input-Output Feedback Linearizing Control

The input—output feedback linearizing control (2.21) for current-fed induction mo-
tors has the structure given in Figure 2.24 (compare with Figures 2.1 and 2.12).
In this section we design an input—output feedback linearizing control both for the
field-oriented model (1.39) and for the fixed frame model (1.26). The direct field-

Fig. 2.24 Input—output feedback linearizing control for current-fed motors (constant references
", y)

oriented control design which led us to the state feedback control (2.23), (2.24)
can be improved by designing the additional control input v, so that the first two
equations in (2.25) are made linear by state feedback and input—output feedback
linearization and decoupling are achieved: to this end, introduce the rotor angular
acceleration

. I
a= HVYqtsq — 7 (2.52)
in place of iy, as a new state variable so that the first two equations in (2.25) become

(recall that 77 is assumed to be constant)

do _
dr
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da . dll’rd . disq
dr u dr g+ U ar
= —UOVYyqisg + LOMisgisg — YU Wralsg + U WraVy - (2.53)

Define the additional state feedback term
oaMigyig, . 1 y

Yrd HYq 1 (254)

Vg = Qigg + Yisqg —
in which v; is an additional control input. Substituting (2.54) in (2.53), the closed-
loop system (2.25), (2.54) becomes

do
dr
da
dr
dWrd
dr
dixd .
o —Yisa +Va
d£ — o+ oMiy, .
dr Vra

v~

—0Yrg + oaMisy

(2.55)

The first four equations in (2.55) are linear and decoupled since the dynamics of
o and y,, are independent and can be independently controlled by the control in-
puts v; and vy, respectively. If we compare the closed-loop dynamics (2.25) with
(2.55) we note that while rotor speed @ transients in (2.55) are not influenced by
rotor flux v, transients, this is not so in (2.25). We can then conclude that the state
feedback control (2.23), (2.24), and (2.54) improves the direct field-oriented control
since it achieves input—output feedback linearization and decoupling as shown by
the closed-loop dynamics (2.55). To design v, in (2.26), introduce the time deriva-

tive of Y,y
Vyd = =0 + oMigy

so that (2.26) is transformed into

d¥a _ ’
dt vd
d‘;‘;’d = —a(aMiy — ay,y) + oM(—Yig +vy) .
Define
Vg = Yisg — % gy +V, (2.56)

so that we can write
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do

E—Cl
da
a e
dl//rd_v
a v
g

In order to track the desired references @* and y* for w and y,,, the input signals
(v, v,) are designed as

V1) = —kyp (Vra () = W(0)) —kya (1) = ¥ (1) + 97 1)
V(1) = ~kap (0(1) = 07 (1) —koa (alt) =" (1) +&°(1)  (257)

where ky, kya, kop and ke are positive constant design parameters to be deter-
mined in order to make the decoupled, linear, time-invariant, second order systems

(d):a)—a)*, lNI(,rd = l//rd_w*)

e . deo

iz~ ker®—keay,
d2 lTlrd -~ d lprd

az ~Hyp¥ra —kya dr

exponentially stable and to shape their dynamics.
Note that the same result can be achieved directly in fixed (a,b) coordinates
without introducing any rotating frame at all. It is enough to perform the following

state space change of coordinates z = Q(®, Yra, Yrp, isas isp) With 2= [z1,...,25] and
21 =0
. . i3
=a=U (Wralsb - ll/rhlsa) Ty
3= Vo + ¥
d(y2+v? . :
4= % =2 (ljlrza —+ l[/rzb) +2aM(llfralsa + lI’rblsb)
Zs = p = arctan (%b) : (2.58)

According to the Inverse Function Theorem B.1 in Appendix B, for any point p =
(@, Yras Wyb,isas isp) satisfying w2, + w2 # 0 there exists an open neighborhood U
of p such that ¢(p) = (z1(p),.-.,z2(p)) : U — @(U) is a diffeomorphism, that is
a bijection with @(-) and @~ !(-) smooth maps. In the new z-coordinates, system
(1.26) becomes
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. 22
21 H
%) 2
23 - I—i
24 o+ O‘M(Wraisb - V’rbisa)
’ (V2 +v3)
00
10 _HVn,  HVYig
o c u
+ 8 (1) 200My,, 20M sy, MzZ] (2.59)
(o) (e
00

in which the nonlinear terms

(@, Yo, Wiy fsasisn) = —HB® (Wi + W3) — 1 (& +7) (Wralsp — Wrbisa)
—HO (l/’raisa + V’rbisb)

(@, Yra, Yobs isas isp) = (402 +202BM) (Wi, + W3, +20M O (Wraish — Wrpisa)
—(60°M +200YM) (Wraisa + Wrpisy) + 202 M? (is, + i)

appear and the decoupling matrix

MY HYra
D(V/raa llfrb) = ZOCMGII/m 206]%1[/,1,
(o) o
whose determinant is
2uoM
det[D] (WrMIVrb) = - o2 (WrzaJrWrzb)

is nonsingular provided that (2, + l/lrzb) # 0: hence, Theorem B.10 in Appendix B
applies with control characteristic indices p; = 2, p» = 2. As a matter of fact, The-
orem B.10 applies directly to the induction motor fixed frame model (1.26) with
outputs @ and l//rza + l[/rzb and decoupling indices p; = 2, p» = 2. The input—output
state feedback linearizing control is

—Ti+ V“} (2.60)

Usa | _ -1
|:usb] = D(¥ra ) [—B+Vb

which substituted in (2.59) gives
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. [ 2
21 v
;
3| = Ve
;4 o+ aM(‘I/raish - Wrbisa)
5
L (W}?u + lVrzb)
[ 2 ] 2
Va v,
24
= " = ‘4 . 6D
Vp
aM (ZZ—F%) Z1+Rr (o +T11)
_Zl + 7‘“3 | z

The last equation in (2.61) represents the dynamics which have been made unob-
servable from the outputs @ and (W2, + l[/rzb) by the state feedback control (2.60).
The same interpretation can be given to the last equation in (2.55).

Remarks

1. The closed-loop system (2.61) is input—output decoupled and linear: the input—
output map consists of a pair of second order linear time-invariant systems. This
allows for an independent tracking of the outputs so that transient responses can
be decoupled: this is an improvement with respect to both the direct and the indi-
rect field-oriented controls. Note however that the exact input—output decoupling
and linearization have been achieved by the controller (2.60) at the expense of
a singularity at (W2, + l//rzh) = 0 introduced by the inversion of the decoupling
matrix

20MYy WV
(o2

D(Wm;‘/’rb)_l = [det[D] (Wma‘/frb)]_l [2031/[1[/,,1 7%
[

2[.LaM -1 20Myy, _ MWra
=% (wfawfb)} [20&’\4% T, | @6
(2 (e2

in (2.60) which, in contrast to the indirect field-oriented control, may imply very
large voltages (ugq, ugy) When (W2, + W2 ) is close to zero. Recall that the direct
field-oriented control also cannot operate when the rotor flux modulus is zero.
Note that (2.62) can be rewritten as

o
e 0
D(Wra, ) = | T SIP COSP | VY,
’ cosp sinp 0 o

20M\/ Vit v,
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with sinp = W, /1/ W2, + W2 and cos p = Y./ 1/ W2, + w2, The rotation matrix
has been reobtained without introducing any rotating frame from the beginning.

2. Measurements of the state variables are required both by the control (2.60) and
by the direct field-oriented control.

3. While the indirect field-oriented control is a first order output feedback (from w)
dynamic control, the control (2.60) is a static state feedback control law.

4. Since it has been previously shown that the induction motor model (1.26) is not
feedback linearizable and that the largest feedback linearizable subsystem has
dimension 4, the control (2.60) provides the largest linearizable subsystem in the
closed-loop.

We now design the input signals v, and v} in (2.60) in order to track the desired
references ®* and y*? for the rotor speed z; = @ and z3 = (Y2, + ‘Vrzb)~ Similarly to
the design of v’d and v;, we choose

Va = —kop (21 — 0") —kpgq (21 — @) + &
( J
v = —kyp (23— ¥'?) —kya (23 =297 9") + 2977 2979
= —kyp [(‘I’m + ‘I/rb) ‘I’*z]
_ktlld —2a (lllra + ‘Vrb) +20M (Wralsa + Wrpish) — 2y" V’*]
2y 2yt gt

. 1 o ok
= —kop (0 — @) —kea <.U-(Wraish_ Vipisa) — —= — @ >+w

where kqp, Kod, kyp, kyq are constant design parameters to be determined in order to

make the decoupled, linear, time-invariant, second order systems (¥ = w2, + l//rzb —
2
V)

e d&
4z~ Rer®—keatys
d2y d¥

O k¥ — kg (2.63)

dr dr

exponentially stable and to shape their dynamics.

In conclusion: the input—output feedback linearizing control is defined as

1 2aMWrb . UYrq

Usq 2uoM 5
LJ:P'ﬁ(%+W> 20Myn  pi

(o) (o)
I = —ufo (Wrza + V/rzb) — p(a+7) (Wraisy — Wiplsa)
—Uw (Wraisa + Wrbisb)

—Ii+v,
—Iz+vp



2.4 Input-Output Feedback Linearizing Control 99

B = (40® +20°BM) (W2 + v5,) +20M O (Wraish — Vrpisa)
— (66*M +200YM) (Wralsa -+ Wrpisp) + 202 M? (is, + i)

. . .. -
Va = 7k(0p (0) - (JJ*) —koa (.u (Wrulsb - lI/rblsu) - 7L - (JJ*> +w

vo = —kyp [(Wa +¥75) — v
_kl[/d [—2(1 (ll’rza + wzb) +2aM(Wraisa + lIfrbisb) - 21//* W*]

+20 2 42y s (2.64)

it is a static nonlinear feedback control algorithm which depends on the mea-
surements of the state variables (®, Wyq, Wyp,isq,isp), On the reference signals
(o*, y*), on the positive control parameters kwp> kKod> kyps kya, on the load
torque 77, and on the machine parameters M,R,,L,,J,R;, L, since U = T
-
R M? R

o= L—:, G—Ls< LLr> B = = gerﬁocM; it guarantees that,
for suitable motor initial conditions such that w2,(t) + w2 (t) > ¢y > 0 for
all r > 0, the rotor speed and flux modulus tracking errors have decoupled
dynamics and decay exponentially to zero according to (2.63).

Illustrative Simulations

We tested the input—output feedback linearizing control by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All the motor initial conditions have been set equal to zero
except for ¥,,(0) = y;;,(0) = 0.1 Wb. The control algorithm has been tested with
the control parameters (all the values are in SI units) ke, = 8100, kygs = 180,
kyp = 8100, ky, = 180; real coincident eigenvalues are assigned to the matrices as-
sociated with the decoupled, linear time-invariant second order systems (2.63). The
references for the speed and flux modulus along with the applied load torque are
reported in Figures 2.25-2.27. The rotor flux modulus reference signal starts from
0.001 Wb at t = 0s and grows up to the constant value 1.16 Wb. The speed reference
is zero until # = 0.32s and grows up to the constant value 100rad/s; at = 1.5s the
speed is required to go up to the value 200rad/s, while the reference for the flux
modulus is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor and is
reduced to 1.8 Nm. Figures 2.26 and 2.27 show the time histories of rotor speed and
flux modulus along with the corresponding tracking errors: the rotor speed and flux
modulus track tightly their references. Note that there is no coupling between rotor
speed tracking and rotor flux modulus tracking at + = 0.5s and t = 1's when rotor
speed is perturbed by the uncompensated load torque time derivative. Finally, the
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stator current and voltages profiles, which are within the physical saturation limits,
are reported in Figures 2.28 and 2.29.

Applied load torque

L T T T T T T T T T

[l'im]

(=]
T

—
L

Fig. 2.25 Input—output feedback linearizing control: applied load torque 7,

Rotor speed (solid) and its reference (dash)
300, T T T T T T T T T

0 1 1 | 1 1 1 1 1 1

] 0.5 1 1.5 2 25 3 is 4 45 5

Rotor speed tracking error

(=

]

[m.(l/:]
_

A 1
0 0.5 1 15 2 1.1 3 35 4 435 5
5

Fig. 2.26 Input-output feedback linearizing control: rotor speed @ and its reference @*; rotor
speed tracking error
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Rotor flux modulus (solid) and its reference (dash)

[Wh

1 I 1 I 1 I 1 I
0 05 1 1.5 2 25 3 335 4 43 5

Rotor flux modulus tracking error

0.15 T T T T T T T T T

01F

0.05]

[Wh]

0.05 1 1 1 1 L 1 L 1 1
0 0.5 1 1.5 2 11 3 3.3 4 45 5
5

Fig. 2.27 Input—output feedback linearizing control: rotor flux modulus 4/ W2, + V/rzb and its refer-
ence y*; rotor flux modulus tracking error

Stator currents (a,b)

5k | |II i
I

'llIIIIl|lHtlHIIIIIﬂHrfF‘irrrnrm AU

-10F

Fig. 2.28 Input-output feedback linearizing control: stator current vector (a,b)-components
(ixa:isb)

2.5 Adaptive Input—-Output Feedback Linearizing Control

So far we have designed the state feedback control algorithms by assuming the
knowledge of the rotor resistance R, and of the load torque 7;. While the load
torque depends on applications, the rotor resistance may vary up to 100% during
operations due to rotor heating: thus they constitute typically uncertain parameters.
Experiments reported in Section 2.8 will show how critical the rotor resistance pa-
rameter is for the control design. In this section we shall estimate its value online
along with the load torque.
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Stator voltages (a,b)
300, T T T T T T T T T
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Fig. 2.29 Input—output feedback linearizing control: stator voltage vector (a,b)-components
(usayush)

Reconsider the state feedback input—output linearizing control (2.23), (2.24),
(2.54) and (2.56); note that (us,uy,) defined in (2.24) are linear with respect to
the unknown parameter & = R,L, 1 Hence, the controller (2.23), (2.24), (2.54) and
(2.56) constitutes a good starting point to design an adaptation with respect to . To
this end, let us denote by & the estimate of the parameter o and by

a=a—0a

the corresponding estimation error. Recalling (2.24), define (uy, usq) as

R, . OMi
Usqg = O ;lsd_wlsq y _aﬁWrd+aMﬁlsd+Vd
2
R; . . aMig,i N .
Usqg = O gslsq"‘wlsd'i' —awd +Berd+aMﬁlsq+Vq (2.65)
rd

in which (v4,v4) are additional control inputs to be designed. Substituting (2.65) in
(1.39) we obtain

dw 11,

& MW=

dig, Mig,isq

= M, a

dr ( Vra TMPisy ) 6ty
dy,, .
W = -y, +aMiy

dt

di Mi

dstd = ( W:q + BV Mﬁhd) O +vq
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d oMi

o i (2.66)

Let us denote by 7}, the estimate of the load torque 7} and by
TL =T — TL

the corresponding estimation error. Since the load torque appears additively in the
rotor speed dynamics given by the first equation in (1.31), we design the load torque
estimate 77 as the output of a linear time-invariant one-dimensional system

5 =—-AE& —i—/”tJul,u,disq—&-?LZJa)—vT
T, =E-Aw (2.67)

in which the term v7 is yet to be defined. The above choice is justified by the fact
that, according to (2.67), TL satisfies

A

TL = —AJUWgisg+ AT+
= ATL—A(é—AJa))—vT

= AT — TL) —Vvr (2.68)
and therefore
TL = 7ATL+VT (2.69)

which will be useful in the overall stability analysis. Introduce two new state vari-
ables: the estimated rotor angular acceleration

7

a= .ulljrdisq - 7 (2.70)

and the estimated time derivative of the rotor flux direct component y,4
Vya = -0,y + GMigy . 2.71)

In new state coordinates (,d, Y4, Vya,P), (2.66) are rewritten as (recall (2.53))

do . T;
A
(:TC; = U(—0Wq + aMisq)isg — LOMisgisq + UWavy — LAY BMiy,
a3
% = Vya + (Misg — Wq)
%

dr = é\6(1‘41.sd - Wrd) - &(aMisd - O“I/rd)
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A Mig, -
+aM + B —MBisy | &+vy
Yrd
d 7 T
p—w+aM< a2 + LZ) . (2.72)
dr HY J'uwrd
Define
aMi,i
vy = disq _ Lsdlsg VT
Vrd J.ulIIrd
1
+ —kepp(0— @) —kgpg(d— @) + dF
M,rd[ op( ) — kaa( )+ 0]
o N 1 Ao
Vg = — Au/;rd + Qg + aM —0(Misq — Wya)

—kyp(Wra — V") = kya(Vyg — ") + P (2.73)

which substituted in (2.72) give

do _, T
a T
da . e . A
i —kop(® — 0%) —kpa(d— O")+ @ *l«la(1+/3M)‘lfrdlsq*jTL
d . . ~
Z/;d = Vy/d"’(Mlsd_Wrd)a
Ay i R e
& = R (Ved = W) — kya Py =Y + ¥
N o aM?iz,
+0 | —aM(1+BM)ig+ a(1+BM)y,, +
rd
d T
il w+aM< S +L2) . (2.74)
dr HY Juwrd

Let P, and Py be the positive definite solutions of the Lyapunov matrix equations
(see Theorem A.6 in Appendix A)

0 —kaop o 1]

[1 _kcod:| Py + Py [—kwp —ka)d:| = b (2.75)
0 —ky; o 1 ]_

[1 —kwd} Bty {_kw —kwd} -k (270

in which I, is the 2 x 2 identity matrix. Define the tracking errors

O=0—
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i=ad— 0
Vrd = Wra — W*
ﬁu/d = ‘914151 - W*
and introduce the error vectors

}T

IS

wy = [@,a
= = T
w2 = (W, Vyd]
Consider the Lyapunov function
52

V = wi Powi +wi Pyws + 7+ .
o

(2.77)

in which A, is a positive control parameter. The time derivative of function V along
the trajectories of the closed-loop system (2.74) is

. . 1 a1t
V = —|jwi|]> = ||wa|* = 2AT2 + T <2VT+2waa, {—J,—J} )

+a <2Aa'&+2wfpa, [0, — (1 4+MB)urgisy]"

—&—ZWgP],,

a2 1"
Misq — g, —(1+MB)aMigg + (14+MB)ay,q + v ”] )
rd

(2.78)

If we design the yet undefined term vy and the estimation law for & as

rp [1 2 T
vVr = —W e
T 11w J’ J

Tp |y - Lo O
+W2PI[I Mlsd_lpl’rda_(]+MB)aMlsd+(1+Mﬁ)aWrd+ v,
rd

then from (2.78) we obtain
V= —|wi|? = ||wa]|® = 24T} . (2.79)
Since the previous equation implies that for all 7 > 0

V() <v(0)
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then we can restrict the initial conditions for the tracking and the estimation errors
such that V(0) is sufficiently small to guarantee ,4(t) > ¢y > 0 and &(¢) > ¢, >0
for all > 0. On the other hand, from (2.77) and (2.79) we can establish that w; (¢),
wa(t), Tp.(t), and @&(t) are bounded functions on [0,0) and therefore, according to
(2.70) and (2.71), UW,q(t)isg(r) and (Misy(t) — Wrq(t)) are bounded functions on
[0,00). Since (1) is a bounded function on [0,e0), it follows that iy, (r) and i (7)
are bounded functions on [0, o). Therefore @(t), W,4(t), T1(t), and &(¢) are bounded
functions on [0,00) so that @(t), W4(t), and T;(t) are uniformly continuous func-
tions on [0, ). Since for any ¢t > 0

[ (@@ +0(5)+ (@) + 24T (0)de < VO) V() <V(0) 2:80)

which implies
ot

lim [ [@(7)+ W2 (1) +a* (1) +2ATA(1)]dt < V(0) (2.81)

t—oo ()

by applying Barbalat’s Lemma A.2 in Appendix A, we have

(2.82)

Hence, asymptotic rotor speed and flux modulus tracking of the reference signals
®* and y* is achieved along with estimation of the unknown load torque.

On the other hand, since d(t) is a bounded function on [0, ), d(t) is a uniformly
continuous function on [0, ) so that, by Barbalat’s Lemma A.2,

}Lr{lﬁ(l) =0.
Since from (2.74) we have
i = —kep® —kpad— (1 + BM) <a+7}> — % I
= —kop® — kepad — (14 BM) (d— TJL) - %TL— a(l+pM) (a) + TJL> ,

according to (2.82) we can finally establish that

lim Ka’a*(r) + TJL) a(;)} —0 (2.83)

t—o0
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which implies that &(#) asymptotically converges to zero provided that &*(t) +Tr./J
is different from zero for all # > 0. A stronger result is obtained since, if there exist
two positive reals T, and ¢, such that

1+Tp T\ 2
/ ((D*(’L‘) + J) dt>c¢p, V620, (2.84)
'

then exponential convergence to zero of the rotor speed and rotor flux modulus
tracking errors is guaranteed, for sufficiently small initial conditions, along with
exponential estimation of both the uncertain parameters o and 77.

In conclusion: the adaptive input—output feedback linearizing control is de-
fined as

Usq | | cosp —sinp | | usy
ug | | sinp cosp Ugq

R . aMiy, o
Usg = O | —lsg — Dlsg — _aﬁWrd+aMﬁlsd +Va
o Vrd
R oMi,i . .
Uyg = O | —igy+ Oigg + ——L 1+ By, + GMBigy + v,
o Yyva
o rd A0 A .
Vg = — Z +Gisa+ 2o —0(Migq — Yyq)
—kyp(Yrd — V") —kya(Vya — ") + §*
A
Vg = Gigy — g T
Vi JUYra
4 —keyp(®— 0F) —kpa(d— @) + o
Mllfrd[ op( ) —koal ) ]

Vid = YraCOSP + Yypsinp
isa | [ cosp sinp | | iy
isg | | —sinp cosp | |igw
_ [0 —kop 0 1
_b_J%J%+%{km%J

[0 —kyp 0 1
b= L1 _kwd} PrtPy [_kvm —kwd}

é = —)ué +l]ul;/,disq+12Ja)—vT
'fL = é —Aw
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22 1T

aM-i
—(1+MB)aMigg+ (1+MB)oy,g + v W] ) . (2.85)

rd
it is a second order dynamic nonlinear feedback control algorithm which de-
pends on the measurements of the state variables (®, Wy, Wyp, isq,isp), On the
reference signals (@*, y*), on the positive control parameters kops kod» kyp,

M

kyaq, A, Aq, and on the machine parameters M,L,,J,Ry,L; since u =

JL,’

R,
a=—,0=1L;

L’  LLr
dition such that y,;4(¢) > ¢; > 0 and (x( ) > ¢p > 0forall ¢ > 0, the rotor speed
and flux modulus tracking errors tend asymptotically to zero; moreover, the
rotor speed and flux modulus tracking errors along with the rotor resistance
and load torque estimation errors decay exponentially to zero provided that
there exist two positive reals 7, and ¢, such that the persistency of excitation
condition (2.84) is satisfied.

,B= ; it guarantees that, for any initial con-

Remarks

1. Note that even for constant speed and zero load torque, that is when the rotor
resistance estimate is not guaranteed to converge to the true value, both the rotor
speed and the rotor flux modulus tracking errors asymptotically converge to zero.

2. When both the critical parameters 77 and ¢ are known, so that we can set =1
and & = «, the controller (2.85) reduces to the input—output feedback linearizing
controller designed in the first part of Section 2.4.

3. When the critical parameter o is known, so that we can set & = a, the controller
(2.85) guarantees exponential rotor speed and flux modulus tracking along with
exponential load torque estimation.

4. The resulting controller (2.85) shows singularities at y,; = 0 and & = 0 which
can imply very large voltages when y,,; and & are close to zero.
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Illustrative Simulations

We tested the adaptive input—output feedback linearizing control by simulations for
the three-phase single pole pair 0.6-kW induction motor whose parameters have
been reported in Chapter 1. All the motor initial conditions have been set equal to
zero except for Y,,(0) = W,,(0) = 0.1 Wb. The control algorithm has been tested
with the control parameters (all the values are in SI units): kg, = 8100, kepg = 180,
kyp = 8100, kyy = 180. Real coincident eigenvalues are assigned to the matrices
associated with the decoupled, linear, time-invariant, second order systems describ-
ing the dynamics of the rotor speed and tracking errors when the estimates of the
unknown parameters are equal to the corresponding true parameter values. Those
values are the same as those used for the nonadaptive version of the previous sec-
tion. The parameters A and A, which are the adaptation gains for the estimates
of the load torque T} and of the parameter o, have been set equal to A = 120 and
Aq = 0.09. The initial condition 77 (0) has been set equal to zero while the initial
condition for the estimate of o has been set equal to &(0) = 13.2s~! which is 50%
greater than the true parameter value o = 8.8 s~!. The references for the speed and
flux modulus along with the applied load torque are reported in Figures 2.30-2.32.
The rotor flux modulus reference signal starts from 0.001 Wb at # = Os and grows
up to the constant value 1.16 Wb. The speed reference is zero until + = 0.32s and
grows up to the constant value 100rad/s; att = 1.5 the speed is required to go up to
the value 200rad/s, while the reference for the flux modulus is reduced to 0.5 Wb. A
5.8-Nm load torque is applied to the motor and is reduced to 1.8 Nm. Figures 2.30
and 2.31 show the time histories of rotor speed and flux modulus along with the cor-
responding tracking errors: the rotor speed tracks its reference tightly even though
load torque sharply changes since, according to Figure 2.32, the load torque estimate
quickly recovers the applied unknown load torque. The rotor flux modulus tracks its
reference: there is, however, a coupling with rotor speed tracking at r = 0.5s and
t = 1s when the rotor speed tracking error is perturbed by the unknown load torque.
Also the estimate of ¢ quickly converges, according to Figure 2.33, to the true value
(unknown to the controller). Stator currents and voltages are within the saturation
limits, as illustrated by Figures 2.34 and 2.35.

2.6 Dynamic Feedback Linearizing Control

The key idea of field-oriented control is to use the direct current component iz to
control the flux modulus y,; and the quadrature current component iz, to control
the speed @ in (1.39): there is no concern on controlling the dynamics of the re-
maining state variable in (2.9). However, while the dynamics of y,, are linear and
the dynamics of w tend to be linear if y,, tends to be constant, the dynamics of p in
(2.9) remain nonlinear in terms of the states (@, ) and of the control input Isg in
(2.9). Similarly, the input—output feedback linearizing control (2.23), (2.24), (2.54),
(2.56) aims at controlling linearly and independently @ and y,; while leaving the
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Rotor speed (solid) and its reference (dash)
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Fig. 2.30 Adaptive input—output feedback linearizing control: rotor speed @ and its reference ®*;
rotor speed tracking error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.31 Adaptive input-output feedback linearizing control: rotor flux modulus /2, + lyrzb and
its reference y*; rotor flux modulus tracking error

dynamics of p nonlinearly dependent on the state variables (@, Y,q,iy) in (2.55).
For this reason the state feedback control (2.23), (2.24), (2.54), (2.56) linearizes
the input—output behavior from (v, ;) to (@, y,4) but fails to make the controlled
system dynamics (2.55) linear since the dynamics of p remain nonlinear.

On the other hand, if the goal of the control is to make the system, in suitable
state coordinates, linear by state feedback, then it is convenient to consider the four

equations in (1.39)

do . T
g dlsa — —
dr UV sq 7
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Applied load torque (dash) and its estimate (solid)
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Fig. 2.32 Adaptive input—output feedback linearizing control: applied load torque 77 and its esti-
mate 1,
Parameter a (dash) and its estimate (solid)
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Fig. 2.33 Adaptive input—

di,
dr
dp
dr

d Yid
dr

output feedback linearizing control: parameter o and its estimate &

. . OMisgisq Usq
= — o — —_—— — Db —1
Visq Lsd Vo Boy.a+ =
— s PMis
Yrd
= -0,y +aMiy (2.86)

in which u,, and iz, are viewed as the control inputs.
Consider the state space change of coordinates from (@, ig, P, Wq) to (@, @, p,
p), which is nonsingular provided that y,; # 0 and is, # 0 since from
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Stator currents (a,b)
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Fig. 2.34 Adaptive input-output feedback linearizing control: stator current vector (a,b)-
components (isq,isp)
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Fig. 2.35 Adaptive input—output feedback linearizing control: stator voltage vector (a,b)-
components (i, Usp)

. oMig, oM (. T
p-o0=—-—=—+ |0+
Vi Hy., J

we can solve for Y4 obtaining (if is, 7# 0)

(2.87)

while
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1) (B,

isq = =

UV poaM

In new coordinates (@, ®, p, ) the dynamics become

[w] —u(y+ a)Wrd(isq - u)ﬁ oV
0| _ T aM(a— )iy
isg — — + ———— — aM
p HWraisg— = + i aMpBo
”Zylrd —HOYy "
| aM  20°MPiy  aMo {iﬂ
OV vy Vrd

—W(Y+ 0) Yrgisg — LB OV,

A . u
= . T oM(o—)i, +Dg |7 . (2.89
”Wrdlsq_i‘i‘ ( Y) Yq—(XMﬁ(O d|:lsd:| ( )
J Vra
Since
2uo’M?i
det[Dy] = _cHOTM L

OV

provided that y,; # 0 and iy, # 0, the signals u, and is; can be uniquely expressed
in terms of (@, ®, ®,p,p,p) from (2.87), (2.88) and (2.89) as

Usq 1 w+#(’y+a)w}’dlsq+,uﬁ(l)l[/3d
. =D, " . T oM (o —y)i 2.
{ isd } B~ Whaisg (W}')zq +ramBo | PV

with 4 and iy, given by (2.87) and (2.88). Hence, if a new input v, is defined as

dug, Vsq
— == 291
dr c 291)
so that the variable uy, becomes an additional state, (1.39) together with (2.91) be-

come

dw . 11
- _ dlsg — —
dr HVWYralsq 7
digy . . OMigqisy Usq
= — - - — POy, I
dr Visq Lsd Vi ﬁ Yig + pon
duy, _ Vs
dr o

dp _ . oMiy,
dr Vra
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d Vrd

= —ay,, + aMi,
ar Vid + lsd
divd . . OCMl?q Ugg
— = —Yigg+ O Ay, +— 2.92
o YVisa + Oisg + s +Boyq+ o (2.92)

in which (@, sy, tsq, P, Wra,isa) are the state variables and (vsy,usq) are the control
input variables. From (2.87), (2.88), and (2.90) it follows that (@, @, ®,p,p,p) de-
fined in (2.86) and (2.89) constitute an equivalent set of state variables if Y,y # 0
and iz, # 0 since (co,isq,usq7 P, W4,isq) can be uniquely expressed in terms of
(w,m,0,p,p,p). Hence, differentiating (2.89) with respect to time we can express
the dynamics (2.92) in new coordinates (@, @, ®,p,p,p) as follows

(0] = [@] 2 1]

Dy = — (Y + @) [Arisg + A Wra] — 1B[A3 Y7 + 20,441
+‘LLA1usq
(o)

with

— A ©isg — HOYg Ay — HA3Y,qisq
aM (o —7y)A; B aM (o —7Y)igA
Vrd "I/Ed
aMAjuy,  aMAzigy N OMwAiy 20°M?Asiy
oy Vrd Vi Vi
402 M?igigq A 20°M?is,  oM®
LsglsdA1 < Lsq n ) A,

V/fd lI’rzd Vid

Dp = UAyigq+ UYraAr + — aMBA;

and

Al = -0y + aMigy

. . aMi,i U,
Ay = —Yisqg — Olsg — % 7ﬁerd+ %
T
. I
Az = HVWrqlsg — —
J
. o aMi,
Ay = —Yisd + Wigg + Via +/3a1//,d .
F

By defining the state feedback control law

{V‘«i] = oD;! [%kwl(ww*)—kw2(@a’*)_k“3(®@*)f§)*
Usq d —Dp —kp1(p—p*) —kp2(p —p*) —kp3(p—P*) +p

the closed-loop linear dynamics are obtained
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@ - do d’®
e o
a3p N dp d2p

with @ = ® — 0%, p = p — p*, p* defined in (1.70) and ko1, ko2, kw3, kp1, kp2, kp3
positive control parameters such that all the roots of the polynomials

T (s) = 57 +kp3s® +kpas +kp1

have negative real parts.

In conclusion: the dynamic feedback linearizing control is defined as

[um} _ {cosp sinp} {usd]
Ugp sinp cosp Usq
dusg _
&t o

Vsq

[vsq} = oD, [_%_k“"(w_w*)—sz(@—w*)—kwa(a‘)—a)*)+a>*
tsd —Pp —kp1(p—p*) —kp2(p = P7) —kp3(p —P") +p

= - aMig,
Vrd
Sk «, OMTy * < ‘Ifrb(o) )
=0 +——, 0) = arctan
P pJy+? p*(0) Vra(0)

Vrd = YraCOSP + Yy Sin p
isg| | cosp sinp | |ig
isq| | —sinp cosp | | ig
Do = —p(Y+0)[Arisg + Ao W] — 1A Y +20Y4A]

‘LLAIM . 9
+qu — LA ©iyy — LOYg Ay — LAY iy

M(a—y)d  aM(a—7)iqA
Vrd Vi
aMAyu,,  aMAsziy N oOMwA iy 202M?*Ajiy
oV WV Vi Vi
402 M2ig iy A 202M?i oMo
+ 3qudl_( S sq+ )A4
lllrd Iljrd Wrd
Al = —ay+ aMiy
aMiggis,

—aMpBA;

. a
Dy = UAisg+ UWradr +

. . Usq
Ay = —Ylsqg — Olgg — - Bwy[rd 4 ?

Yrd
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. I
Az = HWrqlsg — 7

. . aMi,
Ay = —Yisq + @igy + +Bavu; (2.94)
T

it is a third order dynamic nonlinear feedback control algorithm which de-
pends on the measurements of the state variables (@, W4, Wip, isq,isp), ON
the reference signals (@*, y*), on the positive control parameters kg, kg2,
kw3, kp1, kp2, kp3, on the load torque 77, and on the machine parameters

_ M R, M?
M. Rr,Lr,J,Ry, Ly, since p = 7, 0= 72, 0 = Ly (1= = ). p =
r r r

Y= ES + BaM; it guarantees that, for suitable initial and operating condi-

tions such that y,;(f) > ¢y > 0 and is(t) > ¢2 > 0 for all # > 0, the rotor
speed and flux angle tracking errors have decoupled dynamics and decay ex-
ponentially to zero according to (2.93), with ¢ and ¢, depending on the initial
tracking errors.

Illustrative Simulations

We tested the dynamic feedback linearizing control by simulations for the three-
phase single pole pair 0.6-kW induction motor whose parameters have been re-
ported in Chapter 1. All the motor initial conditions have been set equal to zero ex-
cept for Y,,(0) = y,,(0) = 0.1 Wb. The motor is driven by the feedforward control
until # = 0.7 s in order to avoid the singularities appearing in the dynamic feedback
linearizing control; at = 0.7s the dynamic feedback linearizing control is applied.
The control parameters used in the simulation are (all the values are in SI units):
kot = 108, kpo =3 x 10%, kg3 = 3 x 102, kp1 = 10°, kpo = 3 x 10%, kp3 = 3 x 10?;
real coincident eigenvalues are assigned to the matrices associated to the decou-
pled, linear time-invariant third order systems (2.93). The controller initial condition
has been set equal to u,,(0) = 171.46922V in order to avoid discontinuities at the
switching time ¢ = 0.7s. The references for the speed and flux modulus along with
the applied load torque are reported in Figures 2.36-2.38. The rotor flux modulus
reference signal starts from 0.001 Wb at + = Os and grows up to the constant value
1.16 Wb. The speed reference is zero until t = 0.32s and grows up to the constant
value 100rad/s. A 5.8-Nm load torque is applied to the motor and is reduced to
4 .8Nm. Figures 2.37 and 2.38 show the time histories of the rotor speed and rotor
flux modulus along with the corresponding tracking errors: the rotor speed and rotor
flux modulus track their references. Note that at r = 1.5 s the speed and flux modu-
lus tracking errors are perturbed by the uncompensated load torque time derivatives.
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Finally, the stator current and voltages profiles, which are within the physical satu-
ration limits, are reported in Figures 2.39 and 2.40.

Applied load torque
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Fig. 2.36 Dynamic feedback linearizing control: applied load torque 7,

Rotor speed (solid) and its reference (dash)
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Fig. 2.37 Dynamic feedback linearizing control: rotor speed @ and its reference w*; rotor speed
tracking error
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Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.38 Dynamic feedback linearizing control: rotor flux modulus /W2, + l[/rzb and its reference
y*; rotor flux modulus tracking error

Stator currents (a,b)
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Fig. 2.39 Dynamic feedback linearizing control: stator current vector (a,b)-components (isq,is)

2.7 Global Control with Arbitrary Rate of Convergence

The goal of this section is to improve the indirect field-oriented control presented
in Section 2.3, which has the advantage of allowing for any motor initial condition
but has the drawback of not guaranteeing exponential tracking of reference signals
(w*(t), y*(¢)) with arbitrary rate of convergence. On the other hand, we have seen
in Section 2.4 that it is possible to design a state feedback control which achieves
exponential tracking with arbitrary rate from sufficiently small initial errors. We
would like to bridge the gap between these two control schemes. To this end, we re-
consider the control algorithm (2.48) and modify the reference for the stator current
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Stator voltages (a,h)
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Fig. 2.40 Dynamic feedback linearizing control: stator voltage vector (a,b)-components (i, )

vector d-component and the speed of the rotating (d, q) frame as follows:

=T

M  aM oM
oaMi
a)():a)—k%—%, (2.95)

i.e. by adding two feedback terms 1,4 and 1, which will be designed in the following.
The reference for the stator current vector g-component remains the same as in
(2.48), i.e.

1 13,
= —— | —ko(@—0")+ 0"+ . 2.96
Introduce the tracking errors

~ *

O=0—0
lT/rd: Wrd_w*
l/7rq:ll/rq

lsd = lsd — lgq
7 . ok
Isq = lsg — Iy,

for the rotor speed, rotor flux vector (d,q)-components and stator current vector
(d,q)-components, respectively. The dynamics for @, {4, and {,, are given by

O = —ko® + U(Wisg — Prglsa) + I»“V*lqu
Vg = =0+ (00 — ©) Py + AMigg + Ny
li/rq _aiprq - (COO - (J)) lI?ra’ + T]q . (297)
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In order to design the additional undetermined terms 1, and 1, in (2.95), we intro-
duce the positive control parameter A and consider the Lyapunov function

I, . _ _
W= (A@*+ 9y + 7)) (2.98)
whose time derivative along the trajectories of (2.97) is
W = —Ako® + Al (Wyaisg — Wrgisa) @ + ALY T5g®
—05(117,2,1 + lflrzq) + oMiyy Vrd + NaWrd + Mg Wiq - (2.99)

Since iy; = fsq + if;q, we define the additive feedback terms in (2.95) as

N = —ky (W — W) = Apis, @
Ng = —kyWry +Aliq® (2.100)
in which ky is a positive control parameter and (4, ;) are the measured rotor

flux vector components in the (d,q) frame which is identified by the rotating angle
&, whose dynamics are

dey o aMig, N ky Wy 3 Aligg®

with arbitrary initial condition &(0). Recall that
Vrd — cosg sing Yra
Yig —sing&y cos& | | Vi
isg| _ | cosg sing Isa
isq| | —sing cosgy | [ig |
By substituting (2.100) in (2.99) we obtain

W = —Ako® — (0t +ky) (W + Wry) + AU Viralsg @ + AMisq g . (2.101)

Note that the feedback terms depending on the arbitrary control parameter ky, intro-
duced in (2.100) are beneficial since ky is added to the given motor parameter ¢ in
(2.101). The influence of the last two terms in (2.101) will then be compensated by
a suitable choice of the stator voltages (i, usq). To this end, let us compute

diz,
-1 2.102
=1 (2.102)

in which the term I, depending on known signals is

li/*

- T
2 ~ %7 Lk ~ L -k
= [key® — ko y*isg + 0] — Ty {—kww+J+a) }

wy
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ka)isq ~ kwisd ~
_71””! —+ — Wr . (2103)
v ye

Similarly, let us compute
diy,
dr

=1y (2.104)
in which the term I; depending on known signals is

vty AHZW*qui;Fq _ Aule n Alko B, n ky g

Ii=—+
i oM aM aM oM oM
ky ]
~ o OVt (@0 — @)y + aMisg]
2.~ PR 20 & ok
_)‘u Wrdlsqlsq n AIJ V/rqlsdlsq . (2.105)

aM oM

On the basis of (2.102) and (2.104) the dynamics for the stator currents tracking
errors iy, and iy, can be computed as follows

di, , : u

d;d = —Ylsq + Wolsq + aB Y +warq+ %d —I;

disq . . Usq

? = _’}/lsq_wOlsd'f'ani’q_waFd_F?_EI : (2.106)

Design the control inputs (isq, sq) as

Ugg = O [’}’l:d — a)oim — (X[))l[f,d — ﬁ(l)l[/rq +1;— kiisd -l—vd}
Usg = O [Vis, + Ooisa — QB Yy + BOY,g + I — kilyg + v,y (2.107)

where v, and v, are yet to be designed and k; is a positive control parameter, so that
(2.106) becomes

di, .

dj‘d = —(Y+ki)isa+va

dis, .

T —(Y+ki)isg+vg. (2.108)

In order to choose the undefined terms v, and v, consider the Lyapunov function
for the overall tracking error dynamics

1
V=Wt (B +,) (2.109)

whose time derivative along the trajectories of the closed-loop system (2.97),
(2.106) and (2.107) satisfies

V = _lkwd)z - (a+kW) (lfltgd + lilrzq) +A.u‘l’rd175q(b+ aM;sdlprd
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—('y—f'ki)(zgd+¥q)+Vde‘d+Vq;sq . (2110)
If we design the yet undefined terms v, and v, as

Va = — MYy
Vg = —AUY, @ (2.111)

then from (2.110) we obtain

V < —Ako® — (0 +ky) (W +Wr,) — (Y + ki) (D +12,)
< —2min{ke, @ +ky,y+k}V . (2.112)

Fig. 2.41 Global control with arbitrary rate of convergence for current-fed motors (constant refer-
ences 0*, y*)

In conclusion, the first order nonlinear state feedback global control with
arbitrary rate of convergence (see Figure 2.41)
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Usqg = O [Yisg — Woisg — OBy — BOYrg + I — kiisa — i) +val
= 0 [ + g LB+ BOVig Ty bl )+
Vva = —oM(Yqa — ")

Vg = =AUy (0 — ") (2.113)

with Iy and I;; given in (2.105) and (2.103) and

Usqg | | cosg —sing | | ug
ug |~ | singy cosg i

“Z M am am
" 1 IR )
lsq:wl/*[_kw(w_w )+ @ +JL}
d aMi
dr vy

M = ey (Yra — W) — At (0~ ©°)
Ng = _kwll/rq'i‘luisd(w_ (JJ*)

isg| | cos& sing | | isa
Ig | | —sing cosg | | ig

|:Wrd:| _ |: CO.SEO Sin80:| |:Wra:| (2.114)
Vg —singy cos€&y | | Vi

with (kg,ky,k;) arbitrary positive design parameters, is such that (& — "),
(Yoa — W), Wiy, (isa — i3,), (isq — iy,) tend exponentially to zero from any
initial condition with arbitrary rate of convergence min{kg, &+ ky,, Y+ k; }.

As we shall see, in Chapter 4 a global adaptive version of the controller (2.114)
will be presented which does not rely on rotor flux measurements and is adaptive
with respect to both critical parameters 7y and &: no arbitrary exponential rate of
convergence will, however, be obtained when the parameters 77 and ¢ are uncertain.

Illustrative Simulations

We tested the global control with arbitrary rate of convergence by simulations for
the three-phase single pole pair 0.6-kW induction motor whose parameters have
been reported in Chapter 1. All the motor and controller initial conditions have been
set to zero except for ¥,,(0) = ¥,;,(0) = 0.1 Wb. The control parameters are (all
values are in SI units) A = 0.005, ko, = 450, k; = 800, ky = 12. The references
for the speed and flux modulus along with the applied load torque are reported in
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Figures 2.42-2.44. The rotor flux modulus reference signal starts from 0.01 Wb at
t = 0s and grows up to the constant value 1.16 Wb. The speed reference is zero
until + = 0.32s and grows up to the constant value 100rad/s; at r = 1.5 the speed
is required to go up to the value 200rad/s, while the reference for the flux modulus
is reduced to 0.5Wb. A 5.8-Nm load torque is applied to the motor and is reduced
to 1.8 Nm. Figures 2.43 and 2.44 show the time histories of the rotor speed and the
flux modulus along with the corresponding tracking errors: the rotor speed and the
flux modulus track their references tightly. Finally, the stator current and voltages
profiles (which are within physical saturation limits) are reported in Figures 2.45
and 2.46.

Applied load torque
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Fig. 2.42 Global control with arbitrary rate of convergence: applied load torque 7,

2.8 Experimental Results

Two experiments have been performed in order to test how critical the parameter o
is in practice. The indirect field-oriented control (2.49) has been tested with u,; and
Uy in (2.50) simplified by PI controls on the current errors iy — iy, and iz, — ifq and
T; replaced by its estimate (2.115) (see Problem 2.5), in which in place of the true
value of ¢ a constant estimate & has been used. The reference signals for speed and
rotor flux modulus in the experiments are reported in Figure 2.47: the flux modulus
is first required to reach its desired value of 1.16 Wb before 0.5s when the rotor
speed is then required to reach its desired value of 100rad/s. After start-up, a con-
stant load torque of 5.8 Nm is applied. In the first experiment & underestimates the
correct value of a, i.e. & /o = 0.7, while in the second one o is overestimated, i.e.
0 /o = 1.5. The following control parameters and initial conditions have been used:
ke = 300, k7 = 187, T;.(0) = 0, &y(0) = 0. The gains kp and k; of the PI controllers
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Fig. 2.43 Global control with arbitrary rate of convergence: rotor speed @ and its reference ®*;
rotor speed tracking error

Rotor flux modulus (solid) and its reference (dash)
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Fig. 2.44 Global control with arbitrary rate of convergence: rotor flux modulus /w2, + l[/rzb and
its reference y*; rotor flux modulus tracking error

for the voltages (usq,usq) are chosen so that a unit step reference is tracked with
a settling time of about 2.5ms. The flux is estimated by the open-loop rotor flux
observer (3.8) which will be given in Section 3.1.1 (converging outside the mag-
netic saturation region), which makes use of the true value of ¢. The performance
achieved by the controller in the two cases are reported in Figures 2.48 and 2.49:
while the speed error is still satisfactory, the flux modulus is above the reference
rated value when &/a = 0.7 and below when & /o = 1.5 and, therefore, the power
efficiency degrades. In both cases higher i, currents (when compared with the corre-
sponding i, obtained in simulations) are required to produce the rated torque: this is
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Stator currents (a,b)
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Fig. 2.45 Global control with arbitrary rate of convergence: stator current vector (a,b)-
components (isq, igp)
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Fig. 2.46 Global control with arbitrary rate of convergence: stator voltage vector (a,b)-
components (i, Usp)

due to the magnetic saturation when &/a = 0.7 and to the low flux modulus when
0/o=1.5.

2.9 Conclusions

In this chapter the potentiality of feedback control for induction motors has been
fully explored under the assumption that all the state variables are available for
feedback. The motivation for introducing feedback actions in the controller comes
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Fig. 2.47 Reference signals in the experiments

Fig. 2.48 Experimental results with the indirect field-oriented control and underestimated rotor
resistance

Fig. 2.49 Experimental results with the indirect field-oriented control and overestimated rotor re-
sistance



128 2 State Feedback Control

from the analysis in Section 2.1 of the motor driven by the feedforward control
which, when the initial conditions are compatible and the parameters values are ex-
act, forces the motor to follow the desired rotor speed and flux modulus reference
signals as shown in Chapter 1. In Section 2.1 the existence of constant rotor speed
and flux modulus references and nonzero load torque is shown such that the origin of
the error system is not globally attractive. In fact, an additional nonzero equilibrium
point exists so that rotor speed tracking is not achieved for any motor initial condi-
tion. Moreover, the stability of the origin of the error system critically depends on
the load torque which turns an asymptotically stable operating condition into an un-
stable one by crossing a critical value. Hence, the main goal of the feedback control
is to make the desired operating condition attractive for any motor initial condition,
for any value of the load torque, and robust with respect to motor parameter vari-
ations. The simplest way to achieve this goal is to modify the feedforward control
by including a feedback action from the rotor speed as in the indirect field-oriented
control presented in Section 2.3. This control is a modification of the original, his-
torically important, direct field-oriented control, which requires rotor flux measure-
ments and has a distinctive drawback: a singularity when the rotor flux modulus is
zero requires the motor to start from nonzero rotor flux modulus initial conditions,
in order to achieve exponential tracking of rotor speed reference signals for any load
torque. If one is willing to accept singularities in the control law and to rely on rotor
flux measurements with the aim of improving the closed-loop motor performance,
then the input—output feedback linearizing control presented in Section 2.4 achieves
an independent exponential tracking of rotor speed and flux modulus reference sig-
nals. For instance, the rotor flux modulus reference can be independently adjusted
to minimize the power losses, as discussed in Chapter 1, without affecting the speed
tracking: this feature is very appealing in electric traction applications. This control
strategy can be rendered adaptive with respect to uncertainties in the load torque and
rotor resistance by the adaptive input—output feedback linearizing control which is
presented in Section 2.5. This control involves estimates of both parameters: assum-
ing that either the load torque is different from zero or the rotor speed is not constant,
the convergence of the rotor resistance estimator is achieved while the load torque
estimator is always convergent to the true value. The online estimation of critical
parameters constitutes a strong motivation for the use of feedback control and leads
to an improved efficiency. In Section 2.6 it is shown that a dynamic third order state
feedback control, the dynamic feedback linearizing control, can render the closed-
loop motor linear so that the rotor speed and rotor flux angle can independently track
their desired reference signals. However the control shows singularities when either
the rotor flux modulus is zero or the stator current vector quadrature component is
zero and it works only when the initial tracking errors are sufficiently small. Finally,
in Section 2.7 the indirect field-oriented control introduced in Section 2.4 is gen-
eralized to obtain a global control that has several important features: it works for
any motor initial condition and for any load torque; it achieves exponential tracking
of desired reference signals (@*(¢), y*(¢)) with arbitrary rate of convergence; it is
linear with respect to the rotor fluxes, the load torque, and the rotor resistance, so
that, as we shall see in Chapter 4, rotor flux observers and uncertain parameter es-
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timators can be incorporated. An indirect field-oriented control, which is the only
implementable since it does not require flux measurements, has been experimen-
tally tested in Section 2.8 to evaluate how critical the exact knowledge of the rotor
resistance is. It turns out that an uncertain rotor resistance causes errors in the flux
regulation so that power efficiency degrades. Many control algorithms presented in
this chapter require flux measurements and exact parameter values. It will be dis-
cussed in Chapter 3 how to design rotor flux observers, adaptive observers, and
parameter estimators for load torque and rotor resistance. The global control with
arbitrary rate of convergence presented in Section 2.7 will be the starting point in
Chapter 4 to design control algorithms which achieve rotor speed and flux modulus
tracking for any initial condition, without the need of rotor flux measurements and
of load torque and rotor resistance exact values.

Problems

2.1. Given any positive constant rotor speed and flux modulus reference values
(w*, y*), show that, in the case of zero load torque, exponential rotor speed and
flux modulus tracking are guaranteed for any motor initial condition by the feedfor-
ward control (2.8). Suggestion: use the positive definite function V =y (® — ®*)* +
B(Vea — V) 4+ 1V + Blisa — i) + 13(isg — i3,)? with it = oM = 338 and ',
Y, V3 positive reals.

2.2. Show that the constant rotor flux modulus reference minimizing the power
losses given by (1.51) in Chapter 1 makes the origin of the error system exponen-
tially stable.

2.3. Show that exponential rotor speed and flux modulus tracking along with expo-
nential load torque estimation can be achieved for current-fed motors by both the
direct and the indirect field-oriented controls (2.19) and (2.48) with the load torque
estimate (k7 is a positive control parameter)

Tu(t) = T1.(0) —kr /Ot(w(r) — o*(1))dt 2.115)

in place of Ty. Suggestion: follow the analysis performed for the nonadaptive case.

2.4. Design a modified version of the indirect field-oriented control (2.48) for
current-fed motors which guarantees, for any motor initial condition using rotor
speed measurements only, exponential rotor speed and flux modulus tracking with
a rate of decay which depends on «. Suggestion: use the positive definite function
V =2A(0— ")+ (Y — ¥*)* + v, with A a positive real.

2.5. Consider the indirect field-oriented control algorithm (2.48) with T; given in
Problem 2.3 in place of 7,
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iy, | _ |cosg —singy | | i},
iy,| | sing& cos€& | | iy

Yy
“a = 0 T om
1 TL
i —— | —kp (0 — 0+ D" + =
aMiy,
& =mp=0+ v

and the PI control inputs

Usa(t) = —kplisa(t) — i, (1)] _kl./(:[im(f) —ig(7)]dT

(1) = ~keli ()~ (0] o [ la(®) — 5 (D)lae

to drive the stator current tracking errors (is, — i3,) and (ig — if,) quickly to zero.
Simulate the closed-loop performance and compare with the experimental results
given in Section 2.8.

2.6. Show that exponential rotor speed and flux modulus tracking is guaranteed for
any initial condition of the full order model by the indirect field-oriented control
(2.49)—(2.51). Suggestion: follow the analysis performed for the third-order model.

2.7. Design a modified version of the indirect field-oriented control (2.49)—(2.51)
which is global (i.e. it works for any motor initial condition) and adaptive with
respect to the critical parameters 77, (load torque) and R, (rotor resistance). Sugges-
tion: use the positive deﬁnitefunctifm V=7%(0—-0)+pWa—v)+p l//rzq +
(isd — i;d)z + (l'sq — i:fq)z + '}’3(TL - TL)2 + ')/4(06 — 66)2 with 1, Y, 3, and Y4 positive
reals.

2.8. Design a modified version of the input—output feedback linearizing control
(2.85) which is adaptive with respect to the load torque 7;, and both rotor and stator
resistances R, R;. Suggestion: follow, in the control design, steps similar to those
presented in Section 2.5.

2.9. By following the ideas presented in Section 2.6, design a dynamic feedback
2

linearizing control by choosing (w,d, — W) in place of (@, p).

2.10. Analyze the closed-loop behavior of the full order motor model (1.39) con-

trolled by the algorithm (2.24), (2.27), (2.29), and (2.30) when ®* and y* are con-

stant while 77 and o are constant uncertain parameters. What happens if the feed-

back terms —aM if.q /Wra and 0tMigisq/W,q are dropped in (2.24)?
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2.11. Rewrite the input—output feedback linearizing control (2.64) as
Usq | |cosp —sinp | | vy
ug | | sinp cosp | | vy

with cosp = Wya/\/ W2, + W2, sinp = W,/ 1/ W2, + w2 and compare (vyy, vsq) With
(isa, tsg) in (2.24), (2.54), (2.56), and (2.57).

2.12. Show that if the condition (2.84) holds, then the control (2.85) guarantees for
suitable initial conditions exponential convergence to zero of the rotor speed and the
rotor flux modulus tracking errors and of the estimation errors as well. Suggestion:
use the Persistency of Excitation Lemma A.3 in Appendix A.

2.13. Design an adaptive version of the global control with arbitrary rate of con-
vergence (2.113) when the load torque 77, is unknown: replace 7 with its estimate
7; and then design an adaptation law for T using the function [recall (2.98) and
(2.109)]

1 NS
Ve =V+— (T — 1,
T +2AT(L L)

with A7 a positive real design parameter. Compare the resulting controller with that
obtained by setting & = o in (2.85).

2.14. Simulate the adaptive control

Usqg | | cosp —sinp | | usg
ugp | | sinp cosp | | ugg

aMi i _
Ugqg = O |:’yl§d - <w+ l[fdsq> isq - aﬁWrd +1—£l _kiisd - aMWrd:|
T
- aMi . - o
Ugg = O {WS,] + (w + d”) isd + BOWg + I —kilgg — [J(x)l,l/rd:|
T

PV LV ki
™ M T aM aM

A

1 1 .
iﬁq = (—kwa)+JL+w )

HYra
TL :&—/Ija)
é = —lé—kl]ul{/,disq—&-lzjw—w
(ko t+A): @
Vr = 7.]“‘%[1 Isg + 7
. . k
L= o Y ayy+ aMiy— )

M oM aM

1 . L . vr *]
I, = —k disg— — — 0 | —— + @
1 I*“Vrd|: w<“wwq J )
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~

. I
| —ko@+ L+ 0" ) (- Mi
l“l’fd < o®+ 7 + o )( oY, + aMigy)
Yid = YraCOSP + YypSINP
isg| _ | cosp sinp | |ig
isq | | —sinp cosp | | igp
by choosing the control parameters (k;, ky, ke, A); compare the results with those

obtained by (2.85) with & = o and ke, = 8,100, kg = 180, ky,, = 8,100, kyy =
180, A = 120.

2.15. Consider the current-fed model (2.32) in an arbitrary rotating frame and the
dynamic feedback control (2.34): design (isq, isq, @) assuming that (@, W4, Yiy)
are measured so that the closed-loop system (2.32), (2.34) becomes linear and de-
coupled (kg, kg, and k, are positive reals)

Vg = —kaWra
lNljrq = _k‘irlj"q

provided that w2 (1) + W2 (1) > ¢ > 0 forall 1 > 0.

2.16. Design an adaptive version of the global control with arbitrary rate of conver-
gence (2.113) which is adaptive with respect to all model parameters and guarantees
the asymptotic tracking of both rotor speed and flux modulus references from any
motor initial conditions. Suggestion: reparameterize and use projection algorithms.

2.17. Consider the indirect field-oriented control (2.49) and replace the parameter o
by a constant estimate ¢&. Compute the error dynamics and their equilibrium points
in terms of the estimation error & = @ — & and evaluate their stability.
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