Paper

H_, Controller Design and Implementation for Induction Motors

Ciro Attaianese, (Member), Giuseppe Tomasso
University of Cassino _
Depattment of Automation, Electromagnetism, Computer Science and Industrial Mathematics
via G. di Biasio, 43 - 03043 Cassino (FR), Italy

Abstract
Field oriented control of an induction motor fed by a VSI is achieved by means of a state feedback static
controller designed according the H , control theory. Designing procedure is described in the paper. The perform-

ances of the control system are numerically analyzed and experimentally verified, also in order to prove the validity

" of the design procedure. The results confirm that good dynamic performances and high robustness to variations

of system’s parameter can be achieved by means of the proposed controller.
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1. Introduction

Vectorial control techniques make possible to achieve very
high dynamic performances with induction motot drives,
provided that system parameters are well known [1].
Moreover, in such control systems, an observer is often used
to estimate the state variables which are not directly measured.
Therefore, the uncertainties which always affect the knowledge
of the system parameters, and the noise included in the
detected signals can detune the control, making worse the
petformances. A very powerful tool for the design of robust
controllers is represented by H , optimization control theory
[2] - [4]. It guarantees high quality performances regarding to
the dynamic and steady-state résponée and, also, robust
stability.

In previous papets [5] - [8] the H,, control theoryhasbeen
applied in order to perform speed or position control of dc
drives. This paperdealswith the design ofa Hy state feedback
controller for speed control of aninduction motor drive. The
first approaches to the subject has been presented in [9] and [10],
but theoretical results were detived under particular assumptions
on the torque vs. time trajectory, and were not supported by the

‘indispensable experimental validation. In the paper these
limitations are removed. In particular, simulation and
experimental investigation are performed, in orderto validate
the designing procedure of the proposed controller and to
analyze the achievable performances.

2. Controller design

Strictly speaking from a theoretical point of view, the H ,
control theoty can’t be applied to induction motor because of
intrinsic system non-linearity. But, by making the same
assumptions which are at basis of field oriented control, a
linear plant can be set up, and the H, control theory can be
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used in order to set up a state feedback controller for field
otiented control of an induction motot. This means that
reference is made to induction motors fed by VSI with fast
current controlloop. In this case, only rotor equation can be
taken into account, achieving a great simplification in the
dynamic model of the motor. In fact, in order to get a
mathematical description of the plant according the above
assumptions, only the following set of simultaneous equations
has to be considered:

Tr Z:ir +imr =z’m’
, 0
w
J a1 =my M,

whete 72, is the electromagnetic torque given by:

3 .. ..
My = EPLmlmrlsq = 'émzmr’.rq
with:
Lt 7 direct and quadrature components of stator cur-
rent in rotor field coordinates;
Ly magnetizing cutrent tepresenting rotor flux;
P pole pairs;
w motort velocity;
my load torque;
J inertia;
Lm air gap inductance;
T rotor time constant.

Starting from (1) the design of the H  controller can be
achieved, assuming m,
introducing as state vatiables the error quantities for the con-
trolled variables, that is the speed and the magnitude of the

and 7, as control inputs, and



rotor flux. Denoting with z';,, and @* the reference values of
z,.» and of the speed respectively, the error variables ate given
by:

ok . *
o = lor " lmr bp =W —@

Motreovert, in order to achieve a zero velocity and flux errors at
steady-state, the following state variables have to be intro-
duced in the system model:

a _
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Therefore, the simultaneous equations to assume in order to
design the controller is expressed by:
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System (3) can be considered as resulting from two decoupled
subsystems: the electrical one, formed by the first two equa-
tions, and the mechanical one, cotresponding to the third
and fourth equations. This circumstance leads to a great sim-
pliﬁ‘cation in the design of the H_, controllet, because the
designing procedure can be separately applied to the two sub-
systems. In particulat, by denoting with superscripts ¢ and 7
matrices and vectors corresponding to the electrical and to the
mechanical subsystems respectively, for the control inputs u’
, u” yields:

ub’ - Kexe uﬂl = Kmxm
with:
w=(iy) v =(m),

and whete the state vectors x°, x” and the control matrices
K’, K” are given by:

xe ) (ew) xm B (ew)

n v
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X¢,X” are symmetric and positive definite matrices which
satisfies the Riccati’s inequality:

(A-B,R{'D{ C)TX+X(A -B,R;'D{ C))+
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with:
1 .
A =TT 0 A7 - 00
1 0 1 0
1 1
— 1 — 1
Bi=|T, BY =| ]
0 0 0 0
_1 _1
0 0
cf 0 c{” 0
ci=|o 4| cf=lo g
0 0 0
0 0
Di: 0 D;”= 0
di i’

and where y is a real and positive number, which is as lower
as higher is the capability of the controller to reject the effects
of the disturbances on the controlled outputs:

z° =C’x° +Du’

2”7 =C”x” +D”u”
As exogenous input vectors w°, w” the following ones have
been assumed:

* *

, Ly dw
- ‘* i
w dzmr w dt
dt a8

The elements of the matrices C*, C”, D{, D} are weight-
ing constants, which have to be determined so that the de-
sired performance specifications are achieved.

with:

For the whole system it obviously yields:
e e e
u K 0 X
u= K= X =
u 0 K” x”
)
The reference value of the quadrature component 7 iy of
the stator cutrent in the rotor field coordinates, to impose in

the field oriented control scheme, can be evaluated by means
of the relation:

u=Kx

iy == (10)
k”’l'”fr
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Fig.1. Schematic block diagram of the proposed con_tIol strategy.

where the caret ~ the observed quantities denotes.
3. Controller implementation

In fig.1 the schematic block diagram of the proposed
control strategy is shown, where 17, and i the dclink voltage
and the argument of the space vector corresponding to the
rotor flux réspectively tepresént. ‘

The experimental implementation of the proposed
controller has been petformed by means of a DSP-based full
digital control system made by:

- Texas Instruments TMS320C40 50MHz DSP;

- optical incremental encoder for the measurement of the
speed (20000 pulses per revolution, 12000 tpm maximum
speed);

- Halleffectsensots for the acquisition of the stator currents
(25 A rated current, £0.5% accuracy at 25°C, 1-2-3/1000

_current ratio);

- Halleffect sensor for the acquisition of the dc bus voltage,
(1000 V rated voltage, £0.5% accuracy at 25°C, 1/100
voltage ratio);

- A/D board with 32 multiplexed channels, 16 bit resolu-
tion, 3.5 s per channel acquisition time;

- digitalI/Oboard (32 programmable I/o channels, 5 timer
interrupts).

A sampling frequency of 15kHz has been imposed for meas-
urement and control tasks. As observg:r aLuenberger full order

Tab. I — Tested motor 1 data

power rating 750 [W]
rated voltage 380 vl
pole pairs 2
air gap inductance 657 [mH]
stator resistance 15.1 [Q]
stator inductance 25.4 [mH]
rotor resistance referred to stator 9.4 [Q]
17.0 [mH]

rotor inductance referred to stator
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one [11] has been used.
4. Results

The controllet design procedure above described has been
applied to many motors of standard construction..
A compatison between simulation and experimental results
have been petformed, in order to validate the controller design
procedure above desctibed. The possibility to have an effective
simulation tool is vetry important for designing the H
controller, because of the impossibility to determine the
elements of the matrices Cand D in explicit analytical form, as
a function of the desired performances. For each motor different
transient operations have been considered. In patticular, the
results achieved for the motor of tab.I and tab.II are presented
in the following.
By imposing the following conditions in the Hew conttol
problem for the motor of tab.I:

1.0

of =c5 =df
cf=cf=d"=10

the following Ho controller is obtained:

- 60 0 19 0
1o 108 0 24|

Tab. I1 - Tested motor 2 data

K” =

power rating 750 [W]
rated voltage 380 vl
pole pairs 2

air gap inductance 502 [mH]
stator resistance 12.1 [Q]
stator inductance 24 [mHj
rotor resistance referred to stator 82 Q]
rotor inductance referred to stator 160  [mH]
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Fig. 2. Speed response of the motor 1 for a step variation of the speed command and with the rated load torque.
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Fig. 3. Observed rotor flux response of the motor 1 fora step variation of the speed command and with the rated load torque.
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Fig. 4. Steady state stator current of the motor 1 with the rated load torque.

4.1 Speed step response of the H , controller

A step variation from 0 to 100 rad/s of the reference
speed command has been imposed. The rated torque has
been tmposed as load, while a saturation limit has been added
_to the control’s output in order to keep the maximum value
of the reference torque below 2.5 p.u. This factor just repre-
sents the ratio between the breakdown and the rated torque
of the considered motors. The speed and flux respomnses,
both in the simulation and in the experiment, are shown in
figs. 2 and 3. The comparison of the two sets of figures
confirms that the simulation produces results fully compa-
rable with the experiment’s ones. The expetimental speed
signal has been numerically filtered during the plotting in
order to achieve a better comparison with the simulation. As
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regards the flux response, it can be seen that no considerable
variations from the imposed value occur, apart from a un-
avoidable noise on the experimental curve. Finally, in fig. 4
the steady state stator currents, again in the simulation and
in the experiment, are shown.

A second test has been petformed in order to compare

“the step up and the step down responses of the controlled

motor. As a matter of fact, the H  controller has been de-
signed by considering, within the disturbances vector w, the
teference speed and its derivative. Inspection of fig. 5, shows
that the controller dynamic is practically independent on the
refetence profile imposed, being the step-up and step-down
responses practically the same. The simulation curve has been
omitted because it presents the same behaviour of the ex-
perimental one. The same results are achieved with different
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Fig. 5. Experimental results: speed response of motor 1 for Fig. 6. Block diagram of a PI topology field otiented control.
a step up and a step down variation of the speed
command and with the rated load torque.
step variations of the reference speed. values achieved by the H  algorithm. As regards the torque
and speed regulators, they have been tuned in such a way to
4.2 Comparison with a traditional PI control achieve the best speed tracking behaviour within the satura-
tion limit imposed. The gains and the sampling period for
A field oriented control with traditional PI regulators as each loop and are listed in tab.III. The same operating condi-
shown in fig. 6 has been considered in order to validate the tions have been considered for H _ and PI control. In pat-
proposed H  controller design. The standard set-up of the ticular, the same saturation limits have been imposed at the
field oriented control includes flux, torque and speed regula- regulators output. As reference speed command, a 400 rad/
tots in cascade topology. The design of the regulators has s slope ramp has been imposed. This slope guarantees that
been performed in such a way as to achieve the best perfor- the saturation limits are not exceeded when the rated torque
mance by the system and, at the same time, to make possible is applied as load. Fig. 7 shows the simulation results, which
a proper comparison with the H_ controller. In particular, are fully confirmed by the experiment. It can be seen that in
the gains of the PI flux regulator have been set to the same PI control, only a partial decoupling of the flux response
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Fig. 7. Simulation results: comparison between H_ and PI control responses of the motor 1 for a ramp variation of the speed
command.
(a) speed;

(b)observed rotot flux.
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F1g 8. Experimental results: speed response of motor 1 for
2400 rad/s* slope ramp variation of the speed command
and with the rated load torque.
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Fig. 10. Experimental results: speed response of motor 1 fora
10 rad/s” slope ramp variation of the speed command
and with the rated load torque.

from the torque one is achieved. Instead, with the H o Con-
troller, no appreciable variations of the flux occur. This
behaviour becomes more marked if inertia and motor pa-
rameters variation is imposed.

4.3 Robustness against electrical and mechanical pa-
rameter variations

In order to test the robustness of the controller against
the variations of the electric parameters of the motor, the
same test of above has been performed by using the de-
signed controller but controlling the motor of tab.II (motor
2), which has the same power rating, pole pairs and rated
voltage of motor 1, but different electric parameters. No valu-
able differences have been detected. )

Other tests have been petformed on the same motors
but changing the speed profile and the mechanical param-
etets. In particular, fig. 8 shows the speed transients of mo-
tor 1 achieved by applying different ramps as reference speed
commands with the same slopes (400 rad/s?) but different
final values. Unlike fig.2, no numerical filtering has been
applied to the speed signal. No overshoots ot considerable
tracking errors are present during the whole transient, con-
firming the good tracking proptiety of the designed control-

ler. Besides, in fig. 9 the observed rotor flux transient is

speed [rad/s]
w

rotor flux [p.u.]

time [s]

Fig. 9. Experimental results. observed rotor flux response
of motor 1 fot a 400 rad/s? slope ramp variation of the
speed command and with the rated load torque.

20
15
10

time [s]

Fig 11. Experimental results:. speed response of motor 2 for
210 rad/s” slope ramp variation of the speed command
and with the rated load torque, and a 100% increment of
the whole inettia.

shown. Again, no considerable variations from the rated value
are present.

The robustness of the H_ controller against simultaneous
vatiations of inertia, electric parameters, and different mea-
surement noise has been verified too. In particular, the same

Iron bar parameters:

length 0.42 m
weight 0.38 kg
mertia 0.05 kg m?

Fig 12. Particular of the assembly of the induction motor
and the iron bar.
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Fig. 13. Experimental results: speed response of the motor 1
for a 10 rad/s* slope ramp variation of the speed
command and with the iron bar of fig.11 fitted in the
motor shaft.

controller has been again used for controlling motor 2, but
increasing of a 100% factor the system inertia, and using a
different incremental encoder with 2000 pulses per revolu-
tion. The results achieved when a 10 rad/ s2 ramp with the
rated load torque is imposed, are shown in figs. 10 and 11
where the plotting has been carried out by numerically filter-
ing the speed signal. In particular, the mean value over 10
samples has been taken into account. Once more, the tracking
of the reference signal results to be appreciable, in spite of
the low value of the speed and the bigger relative speed error.

For the last test, an iton bar, has been fitted in the motor
shaft, as shown in fig. 12. It gives rise to a considerable incre-
ment of the total system inertia (more then 400%) and it
produces a position dependent load torque, with a maxi-
mum value of 0.25 p.u. The same ramp profile of the previ-
ous test has been imposed. In fig. 13, the expetimental speed
transient is depicted and it is almost the same achieved in the
no load test. Besides, the system shows an optimum stabil-
ity in spite of the particular load imposed. Fig. 14 shows,
finally, the stator current during the speed transient.

5. Conclusions

In the paper, the H_ control theory has been used in order to
design a state feedback static controller for field oriented control
of induction motot. Several tests on different motors and in
different operating conditions have been performed either with a
simulation and with an experiment. Comparison with standard
PI controller has been performed too. All the results achieved
confirm that good dynamic performances and high robustness

Tab. III — PI control: gains and sampling time of each loop

REGULATOR PROPORTIONAL INTEGRAL SAMPLING
GAN GAIN TIME [5]
FLUX 6.0 10.8 10+
. TORQUE 4.0 20.0 10
SPEED 2.0 2.5 107

BERD, 12145658, FR13E
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Fig. 14. Experimental results: current transient of the motor 1

for a 10 rad/s? slope ramp variation of the speed
command and with the iron bar of fig.11 fitted in the
motor shaft. '

to variations of system’s parameter and exogenous disturbances
can be achieved by means of the proposed controller.

(Manuscript received Jan. 31, 2000, revised Feb. 1, 2001)
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