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Robust Control of Induction Motor with H, Theory
based on Loopshaping

Hadda Benderradji’, Larbi Chrifi-Alaoui*, Sofiane Mahieddine-Mahmoud*
and Abdessalam Makouf**

Abstract - The H,, approach, adopted in this paper, is based on loop shaping using a normalized co-
prime factor combined with a field-oriented control to control induction motor. We develop two loops.
The first one, the inner loop, controls the stator current by Hoo controller in order to obtain good per-
formance. The second loop, the outer one, guarantees stability and tracking performance of speed and
rotor flux using a proportional integral controller. When the rotor flux cannot be measured, we intro-
duce a flux observer to estimate the rotor flux. Simulation and experimental results are presented to
validate the effectiveness and the good performance of this control technique.

Keywords: Field-oriented control, H,, controller, Loop-shaping, Normalized coprime factorization,

Robust control of induction machine

1. Introduction

The vector control technique has been widely used for
high-performance induction motor drive. The progress in
system control computing and in power electronics tech-
nology, and the availability of high-performance digital
signal processors makes field-oriented control (FOC) a
practical choice for a wide range of applications. The rotor
flux orientation is generally preferred, owing to the high
dynamic and steady-state performance obtained. Neverthe-
less, the induction motor has multivariable, nonlinear dif-
ferential equations, and not all its states are measurable for
feedback control; consequently, it is very difficult to con-
trol. Moreover, parametric variations can significantly af-
fect the dynamic performance and the stability of the sys-
tem [1]-[4].

Recently, many applications of FOC of the induction
motor have been developed around H,, control theory, with
many papers having been published in this field [5]-[6].

In this paper, an H,, controller based on loop shaping us-
ing a normalized coprime factor approach is designed to
ameliorate the performance of an FOC for an induction
motor in terms of decoupling between torque and flux
components. Simulation and experimental results are pro-
vided to demonstrate the effectiveness of the proposed ap-
proach.
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2. Field-Oriented Control of Induction Motor

To design the H,, controller, it is necessary to perform
the model of the open loop process. The induction motor is
represented by the following equations expressed in a d-q
synchronous reference frame:
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where V, ¢,, and i, are stator voltage, rotor flux, and stator
current, respectively, as expressed by their (d-q) orthogonal
components; ¢ is total leakage coefficient; Ry and R, are
stator and rotor resistance, respectively; L, and L, denote
stator and rotor inductance, respectively; M is mutual in-
ductance; ® is a mechanical frequency of the electrical
rotor speed; and o, is the frequency stator electrical speed.

A rotor field orientation in the synchronous reference
frame is realized if we let ¢,q = 0 and ¢q= ¢,.
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In order to decouple the system (1), we introduce two

new input variables, Uy and Uy, as follows:

Ugq = Vggtdg

@)
Ugq = Vsqt+dg
where,
. M
aq = 0g0Lgigq + ——,
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In the results, the linear system can be written as fol-
lows:
Igq G(s) 0 Usd
. :[ . 4)
lsq 0 G(s) Usq
o
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G(s) represents the transfer function for the decoupled
motor model.

where G =

3. H,, Control of Induction Motor

3.1 Normalized Coprime Factorization

A plant model G can be factorized into two stable trans-
fer functions (M, N) so that

G(s) =M (s)N(s) (5)

This factorization is called a left coprime factorization of
G if there exists stable transfer function matrices (U,V),
such that

=1 (6)

[NGs) M(s)].{U(S)}

V(s)

A left coprime factorization of plant model G is normal-
ized if and only if

M(s)M"(s)+ N(s)N" (s) = (7)

where M'(s) = M'(-s) and N"(s) = N'(-s).

3.1.1 H,, Synthesis via Normalized Coprime Factorization
Approach
Uncertainty in the plant is represented by stable additive
perturbations on each factor in the plant coprime factoriza-
tion. A perturbed plant model G, shown in Fig. 1 is defined
as

» AN FrRe AM

A

y

A 4
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Fig. 1. Left coprime factorization of a perturbed model G,.

Ga(s) = (M(5)+ AM(s)) ™ (N(5) + AN(s)) ®)

where AM and AN are stable unknown transfer functions.
They represent the uncertainty in the nominal plant model.

The objective of robust control is to stabilize the nomi-
nal model G and the set of plants defined by

Ga(5) = (M) +AM()) (N($) +ANGs) — (9)
with: [[AM AN]| <e =$ ; £>0

where ¢ is the stability margin. The maximum stability €,,,
against system uncertainties is given by the lowest achiev-
able value of y:

Ymin = Epix = (1 Apnax (X2 (10)

where A, denotes the maximum eigenvalue for a minimal
state-space realization (A, B, C, D) of G,, and the values X
and Z are the unique positive definite solutions to algebraic
Riccati equations:

(A-BS'DTO)T X+ X(A-BS™'DTC)

(11)
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where R=1+DD",S=1+D"D.
3.2 Loop-shaping Design Procedure

Robust stabilization on its own is not practical because
the designer cannot specify the performance. To overcome
this, the H,, loop shaping procedure is proposed. The de-
sired closed loop performance is specified by shaping the
singular values of the nominal plant G using pre and/or
post compensators W, and W,. The weighed plant G, is
defined as

GA(9) = W (5)G(E)W, (5) (13)

The weighting functions W, and W, should be chosen
such that G,(s) has a sufficiently large gain at low fre-
quency, where good disturbance attenuation is required,
and a sufficiently small gain at high frequency, where ro-
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bust stability is required and does not roll off at a high rate
near crossover.

The necessary condition of robust stabilization control-
ler K, for stabilizing the perturbed plant G, is

I -1
{Km(s)}(I—GA(S)Ku}(S)) 1 GA(S)]OO (14)

-1
= Ymin = €max

The largest value of the robust stability margin €,,, is
always less than 1, giving good indication of the robustness
to a wide class of unstructured perturbations [5]. The feed-
back controller for the plant G(s) is finally computed by

letting Kﬁnal = W] KOOW2

3.3 Weighting Function Choice

The appropriate weighting functions are chosen as fol-
lows, taking into account the desirable characteristic of
GW;:

s5+100

Wy =10°— -
s~ +900 s“ +90s (15)

W2:1

In Fig. 2, the robust stability margin emax can be satis-
fied because the gain margin and the phase margin are re-
spectively equal to AG = 19.3 dB and Ag = 47.2°. Thus, the
closed loop achieves better performance than the open loop
according to frequencies greater than the crossover fre-
quency ..

Synthesis of the K, controller is computed from the
available program in the robust control Matlab toolbox.
According to the above choice, the derived H,, controller is
computed as:

K, =238+ 900)(s +188.6)(s +43.23) 16
(5 +746.1)(s +530.16)(s +97.75)

With : g, = 1/¥min = 0.3994.
The final controller Kg,,; = KW is given as mentioned
after reduction by:

1886) 1+ 4323

Kfinal = 1.876.105.(1+ .
S
s N1+ %3016)  (7)

1
§2 +746.25 +74.61

The controller appears as a proportional integral control-
ler in cascade with a band pass filter and a second order
filter in order to attenuate uncertainty higher frequencies
like noise more steeply. The final H,, controller is therefore
used to regulate both iy and iy, currents as shown in Fig. 5.
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Fig. 2. Shaping transfer function GW and new open loop transfer
function kGw.
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Fig. 3. Frequencies response of controller KW = W, K W,.

4. Flux Observer

Direct FOC of induction machines is one of the effective
techniques for high-performance control. However, its
proper orientation requires a sufficiently accurate estimate
of the rotor flux vector. The proposed observer, given by
[10], is obtained by solving the stator and rotor equations
separately in the stationary frame. Two common models
can be easily derived. The first one, referred as the “current
model,”, is obtained using the rotor equation. Thus, the
flux estimation is achieved as follows:

db, 1z M- . =
=—— O+ — i+ jod 18
a1 Bt et (18)

r T

In a similar manner, the stator equation can be manipu-
lated to achieve the “voltage model” for flux estimation
using stator voltage Vg in the stator reference frame as
follows:

dd
dt

L. (= — di
r:vr(Vs—Rsls—cLsd—]:J (19)

The main drawback of the voltage model is that it re-
quires an open loop integrator, which fails in low-speed
operations. The current model fails at high-speed opera-
tions due to speed-dependent eigenvalues. We correct this
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Fig. 4. Rotor flux observer.
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Fig. 5. Flux-oriented control of the induction motor.

problem with a “closed loop Gopinath-style observer” in
which the bandwidth controller produces a smooth transi-
tion between the current and voltage models. The current
model is used for low-velocity operations and the voltage
model is used for high-velocity operations. This results in a
closed loop estimation equation as follows:

b, L, [d(ﬁs . disj

oL s
dt M dt dt

dd, — - (= = k;
dtS:VS—Rsls+(CDr—(DrIkp+ S‘j (21)

With:

k; a proportional gain, k; > 0.

k, aintegrator gain, k, > 0.

The flux observer implementation is shown in Fig. 4.

5. Implementation Results

The proposed controller was tested according to the dia-
gram given in Fig. 5. Direct FOC of the induction motor
dealing with high-performance control techniques requires
accurate observation of the rotor flux components. Such a
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Fig. 6 Dynamic responses with H,, controller for load

torque TI=3 Nm at 8 s and 100% variation of Rr at
12s.

problem is overcome by means of a flux observer as in [10],
which can be considered in this work. The control scheme,
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Simulation

230

1.5 Kw induction motor, a voltage-source inverter, and a

digital signal processor (DSP)
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Fig. 9 Experimental dynamic responses of FOC with Hoo control-
ler for load torque Tl

including FOC and H,, controller, was implemented on a
DSPACE card 1104 with Matlab and Real Time Workshop
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Fig. 10 Experimental responses for a ramp up and a ramp
down variation of the speed command under load
torque 3 N.mat8 s

Software. The experimental setup shown in Fig. 8 was
based on a 1.5 kW induction motor where the identification
of the electrical parameter yielded the following: R, = 4.2
Q,R=29Q,L,;=362mH, L, =288 mH, M =288 mH, ] =
0.0108 kg.m? and F = 0.0175 Nm.s / rad. Furthermore, we
used a voltage-source inverter with a switching frequency
equal to 10 KH.

The reference trajectory is in a step form varying from 0
to 120 rad/s. The motor is started at no load, and then a
load torque equal to 3 N.m is applied at t= 8s. A 100%
variation of Rr at t=12s is taken into account. Figs. 6 and 9
show that speed and flux response in the simulation and in
the experiment converge to their references. Thus, a perfect
orientation of the rotor flux on the d axis is noted. The
comparative study between the two sets of figures confirms
that the simulation results and the experimental results are
similar. Considering the experimental flux response, no
considerable variations occur from the reference value due

to an unavoidable noise.

A second test was performed to validate the efficiency of
the proposed method and to evaluate system performance
and stability.

The reference trajectory is now in ramp form as shown
in Figs. 7 and 10. A load torque is applied at t= 8s. Results
given by the same figures show that the flux is well ori-
ented on the d axis and no appreciable variations occur
when the torque is increased. Motor speed also converges
to the reference and achieves best speed tracking with a
good reject of the load torque perturbation.

6. Conclusion

The main objective of this work is to design an H, con-
troller combined with FOC of an induction motor in order
to compensate for the disturbance effect that happens from
change of torque, noise, and incertitude of electrical pa-
rameter due temperature and saturation. All the simulation
and experimental results achieved confirm good perform-
ance and good stability of the system.

References

[1] W. Leonhard, “Control of Electrical Drives”,
Springer-Verlag, 1990.

[2] F. Blaschke, “The Principle of Field Orientation Ap-
plied to the New Transvector Closed-Loop Control
system for Rotating Field Machines”, Siemens Rev,
Vol 39, pp 217-220, 1972.

[3] K. Shyu, H. Shieh and C. Liu, “Adaptave Field Ori-
ented Control of Induction Motor with Rotor Flux
Observervation”, IEEE Trans. Ind. Applicat, pp 1204-
1209, 1996.

[4] S. Enev, “Input-Output Decoupling Control of In-
duction Motors with Rotor Resistance and Load



232 Robust Control of Induction Motor with H,, Theory Based on Loopshaping

Torque Identification”, IEEE Trans. Ind. Applicat,
Athens, Greece, July 2007.

[5] D.R. Chouitter, G. Clerc, F. Thollon, J.M. Retif,
“H,, controllers design for field oriented asynchro-
nous machines with genetic algorithm”, /EEE Trans.
Ind. Applicat,, vol. 1, pp. 738-745, 1997.

[6] C. Attaianese, G. Tomasso, “H,, Controller Design
and Implementation for Induction Motors”, [EE
Trans, Vol 121, N° 6 , Japan 2001.

[7] L. Rambault, C. Chaigne, G. Champenois, S. Cauet,
“Linearization and H,, Controller Applied to an In-
duction Motor”, EPE Graz, 2001.

[8] K. Glover, D. McFarlane, “Robust stabilization of
normalized coprime factor plant descriptions with H,,
bounded uncertainty”, IEEE Trans. Ind. Applicat,
August 1989.

[91 M. Green, D.J.N. Limebeer, “Linear robust control”
Prentice Hall, Englewoad New Jersey, 1995.

[10] Eric A. Carter and all, “Comparative Evaluation of
Flux Observers in a High Performance Drives Test-
bed”, EPE, Graz, 2001

Hadda Benderradji was born in
Batna, Algeria. She received her B.Sc
and M.Sc. degrees in Electrical Engi-
neering from the Electrical Engineer-
ing Institute, Batna University, Batna,
Algeria, in 1993 and 2004, respec-
tively. She joined the University of
Picardie “Jules Verne” to prepare for
her Ph.D. degree in Electrical Engineering. Her current
areas of research include advanced control techniques in
the field of ac drives. After graduation, she joined the Uni-
versity of M’sila, Algeria, where she is currently an associ-
ate professor in the Electrical Engineering Institute.

Larbi Chrifi-Alaoui received his Ph.D.
in Automatic Control from the Ecole
Centrale de Lyon. Since 1999, he has
held a teaching position in automatic
control in Aisne University Institute of
Technology, UPJV, Cuffies-Soissons,
France. Since 2004, he has been the
Head of the Department of Electrical
Engineering and Industrial Informatics. His research inter-
ests are mainly related to linear and nonlinear control the-
ory, including sliding mode control, adaptive control, ro-
bust control, with applications to electric drive and mecha-
tronic systems.

Sofiane Mahieddine-Mahmoud was born in Media, Alge-
ria. He received his B.Sc. degree in Electrical Engineering
from the University of Media, Algeria in 1999 and his
Ph.D degree in Automatic Control from the University In-
stitute of Technology, UPJV, Cuffies-Soissons, France in
2007. His research interests are mainly related to linear and
nonlinear control theory with applications in electric drives
and mechatronic systems.

Abdessalam Makouf was born in Batna,
Algeria, in 1958. He received his B.Sc.
degree in Electrical Engineering from the
National Polytechnic School of Algiers,
Algiers, Algeria, in 1983, his M.Sc. degree
in Electrical Engineering from the Univer-
sity of Constantine, Constantine, Algeria, in
1993, and his Ph.D degree in Engineering
from the Unlversny of Batna, Batna, Algeria, in 2003. After
graduation, he joined the University of Batna, where he is cur-
rently a full professor in the Electrical Engineering Institute.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


