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Abstract—Induction machines exhibit thermal derating in their
performance during operation that causes sheer uncertainties in
the controlling parameters such as stator and rotor resistances. It
does not only affect the steady-state but also the dynamic response
of an induction machine (IM). An output feedback variable
resistance controller (VRC), which is inherently an H., linear
parameter varying (LPV) controller, is proposed to compensate
this thermal derating caused by stator resistance variations. An
L2 gain bound and internal stability are ensured by linear
matrix inequalities (LMIs). IM speed control is established by
using input/output feedback linearization (I/0-FL). The proposed
controller is implemented for a 30 kW induction motor in
MATLAB®Simulink environment. Nonlinear simulation results
show excellent performance tracking for the thermally derated
dynamic IM characteristics in the presence of varying stator
resistance and an applied load torque.

Index Terms—Induction machine; Dynamic thermal dera-
tion; Stator resistance variation; VRC design; Linear Matrix
Inequalities

I. INTRODUCTION

Induction machines show a promising performance in the
industrial as well as automotive sector. This is mainly due
to greater initial torque, reduced cost, consistency in wide
range speed operation, relatively high power density, inherent
de-excitation against inverter faults and, little maintenance
[1]. The robust operation of an IM significantly depends on
its electromechanical and thermal core properties [2]. IMs
suffer from parameter (stator and rotor resistance) uncertainties
during operation due to loading, hot/cold environments etc.
High power IMs experience even 115°C temperatures during
their operation [3]. Moreover, the dynamic characteristics of an
IM also change with temperature variations. These variations
in machine terminal parameters such as speed, torque and flux
are of high importance in industrial as well as automotive
sector applications [4].

Stator resistance variation is a significant problem and causes
unstable IM drive operation [5]. The life expectancy of stator
insulation is halved with a temperature rise of even 10°C,
once its thermal limit is reached [6]. IM losses enhance
temperature variations that cause changes in stator resistance
and ultimately lead to higher copper loss, worsening the
IM flux [7]. Even the d — g rotor flux linkages vary with
the stator resistance [8]. Stator resistance variations at light
loads cause significantly higher IM iron losses than does the

airgap power. The uncertainities in stator resistance cause
poor performance of field oriented control (FOC) for IMs
[9]. This issue is addressed by the proposed VRC acting as
a robust LPV controller, along with linear matrix inequalities
(LMIs) synthesis using H,, control. LPV control technique
provides better gain scheduling and robustness, keeping the
actual plant dynamics intact [10]. With limited uncertainties
in IM parameters, an LPV control has been presented in
[11]. By using a Quasi LPV strategy, an IM control has been
developed in [12]. For controlling the shaft angle of an IM,
an LPV control design has been discussed in [13], but motor
resistance variations are not considered. LPV observer has
been proposed in [14] for an IM nonlinear model. The context
is focused on flux estimation. The rotor current frequency and
IM speed have been controlled by an LPV technique in [15].
The authors have developed and presented the steady state and
LPV controlled dynamic characteristics of an IM against rotor
resistance variations in [16]-[18].

This paper presents the nonlinear dynamic behavior of an
IM against stator resistance variations and also proposes a
robust novel LPV controller using linear matrix inequalities
(LMIs) approach to cater for the stator resistance variations
for dynamic thermal derating in an IM in the form of a VRC.
The control technique is validated for the speed, torque and
flux tracking of a 30 kW induction machine. The remaining
paper is organized as follows: Section II presents the IM
mathematical modeling. Section III discusses the VRC control
design for the IM dynamic behavior and I/O-FL for the speed
and flux control. Section IV gives the simulation results and
analysis. Section V gives a conclusion and proposed future
work.

II. IM NONLINEAR DYNAMIC MODEL

A d — q axis stationary-frame IM model has been extracted
from [19].

Wr = Ao (Varigs — Ygrias) — (\rBwgr) — (A771)
igs = —Atias + Aotar + Asthgr + MV,
lgs = —Atigs + Aatgr — Atar + A Vs

bar =
Var

—A5Var — NPWRYqr + A6lds
_/\5qu + nPwR'L/}dr + /\qus (1)



TABLE 1
IM PARAMETERS

Parameter Description Value

np number of pole-pairs 2

Ls stator self-inductance 0.0425 H

L, rotor self-inductance 0.043 H

Rs stator resistance 022 Q

R, rotor resistance 0.209 Q

Ly, magnetizing inductance 0.04 H

J moment of inertia 0.124 kg.m?

B damping coefficient 0.01 N.m.sec.rad !
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Fig. 1. Dynamic Tg-wpg response for varying stator resistance

where

np L (Lo Rrt+L7R.) —LnPR,
AO— P " )\1 oL, Lz 5 )\Q_O'L L2’
Lz

c=1-— .

>\4_UL , I.L , =15, Ag=tptie,
)\7=%. zdg and iqs are the d — ¢ stator currents, g, and
1gr are the d — ¢ rotor fluxes, Vg, and Vs are the stator
voltages and wpg represents the motor angular velocity. The
IM parameters are given in Table I.

The IM electromagnetic torque is given as:

m R

)\3—np

wqrids) (2)

3 .
g = §nP>\0(wdrzqs -
A. IM Dynamic Thermal Derating in Industrial/Traction Ap-
plication

The nonlinear dynamic model of a 3-¢ IM has been sim-
ulated in MATLAB®Simulink for different values of stator
resistance () caused by varying temperature. The response
is expressed in Fig. 1. Table II gives the values of stator
resistance.

As shown in the figure, an IM used in industrial/traction
application will never be able to provide the desired torque
and speed due to varying R, during its operation that will
ultimately reduces its performance efficiency. The zoomed
graph represents the trajectories with varying applied load
torque 77, and its steady state points.

TABLE II
VALUES OF STATOR RESISTANCE
Stator Resistance (Rs) Value
Rs max 0.44 Q
Rs nominal 022 Q
Rs min 0.11
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Fig. 2. Feedback control system architecture

III. VRC DESIGN

To cater for the thermal issues described in the previous
section, a VRC (inherently an LPV controller) has been
designed for the dynamic 7z-wpg nonlinear response over the
entire stator resistance range [Rs min Rsmaz]-

A. Control System Architecture

The control system architecture for the closed-loop structure
is shown in Fig. 2. It comprises two major sections:

1) d — q stator currents control: A VRC is designed for
the d — ¢ stator currents closed loop. It is scheduled with the
stator resistance R and is represented as:

G(O(t)) : ¢ = A(O(t))x + Bu
y=Cz+ Du 3)

where O(t)=R,(t) is a varying parameter with respect to
time. The VRC system matrix is given as:

[€) 1
_(U§L7’2+m) 90 L
0 _(UEer + axs)
50 0
0 50
A(O()) = 50 0 )
oL L, 56
g oLsL,
= 0
0 B
L
8 1 1000 0 0
P=10 o C_{o 10 O]D_{O o} )
0 0

where ¢ = Ls/L2, xs = Ls/Rs, 6 = Ly /Ly, ¥ = 0Ls.
B, C, D are fixed matrices. The input, output and state vectors
are:



[ids Z‘qs 1Z)dr 1Z)qr]T

(6)

The state-space representation of a generalized VRC plant
is given by:

u(t) = [Vas Vas] "5 y(t) = [igs iqs) 3 2(t) =

i (t) = A(O(t))x(t) + Buw(O(t))w(t) + Bu(O(t))u(t)

z(t) = Co(0(t))x(t) + D2w(©)w(t) + D2u(O(t))u(t)
v(t) = Cu(O(1))x(t) + Duw(O(t))w(t) (7

where  w(t)=[iasrer  dgsrer])’s  v()=[ias  dgs]Ts

u(t)=[Vas Vgs] "

The state-space representation of the VRC gain schedule
output feedback controller is:

T = AK(@)J?K + BK(@)y
u = CK(@)J?K =+ DK(@)y (8)

The following LMIs are implemented to ensure Lo gain
bound and internal stability [20]:

* ATX + X A+

* *

* *

B,DC, By + ByDD,y
BKCU =+ (BKCU)T XB, + BKDvw

*
(C.Y + D.,Ck)T
(Cz + DzuDKCv)T <0

(D2 + D2 DDyyy) "

—~I
©)
[}; ;{] >0 (10)

(*) represents symmetry. The first LMI has the objective to
minimize 7, whereas the second is for the symmetric positive
definite condition. The optimized value of ~ is 0.8020. The
controller gains Ax, Bx, Cx and Dg can be calculated by
using the following equations:

A = N"YAg — NBkC,Y — XB,CxMT —  (11)
X(A+ B,DkC,)Y)(NT)~

Bg = N"Y(Bx — XB,Dg) (12)

Cx = (Cx — DC,Y)(MT)™1 (13)

u (S y

Fig. 3. Heo sensitivity gains structure

Dy = Dk (14)
where N and M are the matrices such that
I-XY=NM" (15)
The matrix A(O(t)) in (4) is given by:
AO() =A(R;) =A0+ 60141 = A+ (Rs)A1  (16)
The convex decomposition of ©(t) is given as:
@(t) = 101 + a6y (17)

with
2
Zaizl and o >0

i=1

where «; gives the polytopic parameter range corner. The
corner values of the parameter range are as follows:

@11 - (0; Rs mzn) 5 @12 = (07 Rs maz) (18)

The plant matrix corresponding to the vertices of © is given
by:

G(@) = CnG(@u) + asG (912) (19)
o Rs (t) - Rs min o Rs (t) - Rs max
“= Rs maxr — Rs min 2= Rs maxr Rs min (20)

The VRC structure is given by polytopic representation as:

Bk (©;)

2. [Ak(6))
o) peey] e

K(®)= Zai Ck(©;)

i=1

The desired performance objectives of the IM control sys-
tem can be achieved by using the weighting gains W, W,
and Wy as shown in Fig. 3. Their values and functions are
given in Table III. The actual output vector z = [z, ¢ 2xs|”
in (7) can be derived from this figure.



TABLE III
WEIGHTING GAIN VALUES

Weighting Gain Value
W (complementary sensitivity) (%i :flT
where w7=0.8
(1/Ms)s+wp

W (sensitivity) SFwpA
where w p=bandwidth=550
M =sensitivity upper bound=2.0
A=factor for attenuation=1/500
1/200

Wy (control sensitivity)
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Fig. 4. An applied bi-polar load torque

2) Rotor speed & IM flux control: The d— q stator reference
currents with respect to motor speed and flux are generated
by the input/output feedback linearization (I/O-FL). An aug-
mented plant scheme is often used in LPV control structure for
an appropriate design specifications. A regulator with proper
gain values is designed to achieve tracking by classic control
techniques. The d — ¢ stator reference currents are:

: Yar ¥ Vgr .
rpp = 24 (¥ L Ly B S S
lasrER = S (1/)+)\5)+nP)\0>\71/)2( WR—A7TL—A7Bwp)
(22)
. wqr w Yar .
wrpp = 2 (Y _ Yar B
lgsREF =~ (= +As)+ P VW (Wr + A7 + A7 Bwr)

(23)
where the rotor speed derivative (wg) is given in (1) and
the motor flux derivative (¢) is given by:

T;Z)dTids + quiqs
(4

IV. VRC PERFORMANCE VALIDATION

The VRC-IM feedback control system of Fig. 2 is imple-
mented in MATLAB®Simulink with an applied load torque in
the form of a square wave that includes the motoring as well
as the generating operation of the IM as shown in Fig. 4 . The
varying stator resistance is given in the form of a square wave
encompassing the entire operating range i.e. [0.5Rs 2Rs] as
shown in Fig. 5.

=59 + Xg 24)

A. d — q axis Stator Currents

The performance tracking of the d — ¢ axis stator currents
is shown in Fig. 6 and Fig. 7 respectively. It clearly concludes
that the output stator currents perfectly follow the reference

@041 8
£
<
o

Soaf g
©
i}
3

@ 02F -
]
S
%]

0.1 8

. . . . . . . . .
0 05 1 1.5 2 25 3 35 4 45 5
Time (s)

Fig. 5. Varying stator resistance
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Fig. 7. Tracking of ¢ — axis stator current

currents extracted by I/O-FL, validating the robustness of the
proposed control architecture. Moreover, further analysis of
these results highlights the varying stator resistance and an
applied bi-polar load torque effects in the zoomed sections
of the plot. These currents are bounded by saturation limits
< 20A. Hence, the thermal derating causes stator currents
degradation resulting in low IM efficiency and increased
energy consumption.

B. d — q axis Stator Voltages

The control effort for the VRC is provided in the form of d—
q axis stator voltages as shown in Fig. 8. The control voltage
signals are bounded by saturation limits < 380V. A conclusion
can be drawn from the zoomed plots of this result that the
control signals are also affected by the varying stator resistance
caused by the change in IM temperature and an applied load
torque, although the robust VRC maintains the tracking of
reference signals by providing the necessary control effort.
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Fig. 8. Control effort as d — g axis stator voltages
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C. IM Flux

IM flux has a significant role in machine applications
(industrial/automotive) as it derives the IM electromagnetic
torque. It is given in Fig. 9. The flux tracking validates the
efficacy and robustness of the designed VRC as well as I/O-
FL technique. Further analysis of the zoomed plots depicts the
flux variations caused by the varying stator resistance due to
changes in IM temperature and an applied load torque. Even a
slight flux instability causes a significant variation in machine
torque.

D. Dynamic tg-wg Controlled Response

The dynamic thermal derating in the IM torque-speed
response controlled by VRC against an applied load torque
and varying stator resistance due to changes in IM temperature
is shown in Fig. 10. As discussed in previous results, the
variation in the d— ¢ axis stator currents and IM flux varies the
electromagnetic torque demand given in (2). Ultimately, the
IM efficiency as well as its energy consumption will also be
affected. The performance tracking validates the robust design
of the VRC as well as the reference currents extraction by
I/O-FL.

V. A3 - ¢IM CASE STUDY

A 3 — ¢ wound type 4-pole induction motor with a rated
voltage of 460 V is given in [21]. Its impedance parameters are
given in Table IV. The torque-speed curve for this steady-state
motor model has been plotted against the varying stator resis-
tance which clearly shows the influence of resistance variation
due to temperature change over the performance of induction
motor. The variation in stator resistance is considered in the
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Fig. 10. Dynamic T7g-wp controlled response for varying stator resistance

TABLE IV
IMPEDANCE PARAMETERS
Parameter Value

Rs 0.641 Q
Ry 0332 Q
X 1.106 Q2
X 0.464 Q
Xm 26.3 Q

’E‘SSO —Rs nominal—--Rs min— -Rs max

Z.3001 ]

[

2250

S

=200

2

< 15

[=)]

g1
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3

[m]

. . . .
0 200 400 600 800 1000 1200 1400 1600 1800
Angular Velocity (rev/min)

Fig. 11. Effect of stator resistance variation on IM performance

range [0.5R, 2R,]. It is shown in Fig. 11. The formulae used
to develop the mentioned characteristics are given in (25)-(29).
IM Thevinin voltage is given by:

Xm

Vin = Vo X VERZ+ (X + Xin)? )
IM Thevinin resistance is given by:
Ru ~ Ry sl (26)
VR4 (X + Xm)?
IM Thevinin reactance is given by:
Xin = X, 27)
IM mechanical speed is given by:
ny = (1 — $)Nsyne (28)
IM maximum torque is given by:
rarAx = 3 Vi 29)

2 X [Ren + /R2, + (X + X1)?]



VI. CONCLUSION

In this paper, an output feedback VRC is presented for the
varying stator resistance of an induction machine during its
operation in the presence of an applied load torque. Linear
matrix inequalities and H., sensitivity gains are used to
ensure the internal stability of the designed control system.
Simulation results including the nonlinear dynamic thermal
derating of induction machine torque-speed behaviour are
presented to validate the controller efficacy. It is found that
the VRC controlled dynamic behavior of IM is quite close to
the dynamic behaviour for nominal stator resistance. A case
study discussing the stator resistance effects on the steady state
IM model is also presented with mathematical calculations. In
future, the results will be validated on a proper hardware test
bench to ensure the robustness of the proposed controller in a
practical scenerio.
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