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Abstract: In this paper, a robust speed control scheme for high dynamic performance sensorless
induction motor drives based on the H_infinity (He) theory has been presented and analyzed.
The proposed controller is robust against system parameter variations and achieves good dynamic
performance. In addition, it rejects disturbances well and can minimize system noise. The He,
controller design has a standard form that emphasizes the selection of the weighting functions
that achieve the robustness and performance goals of motor drives in a wide range of operating
conditions. Moreover, for eliminating the speed encoder—which increases the cost and decreases
the overall system reliability—a motor speed estimation using a Model Reference Adaptive System
(MRAS) is included. The estimated speed of the motor is used as a control signal in a sensor-free
field-oriented control mechanism for induction motor drives. To explore the effectiveness of the
suggested robust control scheme, the performance of the control scheme with the proposed controllers
at different operating conditions such as a sudden change of the speed command/load torque
disturbance is compared with that when using a classical controller. Experimental and simulation
results demonstrate that the presented control scheme with the He controller and MRAS speed
estimator has a reasonable estimated motor speed accuracy and a good dynamic performance.

Keywords: Sensorless; induction motors; H_infinity; drives; vector control; experimental implementation

1. Introduction

The development of effective induction motor drives for various applications in industry has
received intensive effort for many researchers. Many methods have been developed to control
induction motor drives such as scalar control, field-oriented control and direct torque control, among
which field-oriented control [1-5] is one of the most successful and effective methods. In field
orientation, with respect to using the two-axis synchronously rotating frame, the phase current of the
stator is represented by two component parts: the field current part and the torque-producing current
part. When the component of the field current is adjusted constantly, the electromagnetic torque of the
controlled motor is linearly proportional to the torque-producing components, which is comparable to
the control of a separately excited DC motor. The torque and flux are considered as input commands
for a field-oriented controlled induction motor drive, while the three-phase stator reference currents
after a coordinated transformation of the two-axis currents are considered as the output commands.
To achieve the decoupling control between the torque and flux currents components, the three-phase
currents of the induction motor are controlled so that they follow their reference current commands
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through the use of current-regulated pulse-width-modulated (CRPWM) inverters [2-8]. Moreover,
the controls of the rotor magnetic flux level and the electromagnetic torque are entirely decoupled
using an additional outer feedback speed loop. Therefore, the control scheme has two loops; the inner
loop of the decoupling the currents components of flux and torque, and the outer control loop which
controls the rotor speed and produces the reference electromagnetic torque. Based on that, the control
of an induction motor drive can be considered as a multi feedback-loop control problem consisting of
current control and speed-control loops. The classical Proportional-Integral (PI) controller is frequently
used in a speed-control loop due to its simplicity and stability. The parameters of the PI controller are
designed through trial-and-error [3-5]. However, PI controllers often yield poor dynamic responses to
changes in the load torque and moment of inertia. To overcome this problem of classical PI controllers
and to improve the dynamic performance, various approaches have been proposed in References [6]
and [7]. The classical two-degree-of-freedom controller (phase lead compensator and PI controller) [6]
was used for indirect vector control of an induction motor drive. However, the parameters of this
controller are still obtained through trial-and-error to reach a satisfactory performance level.

In Reference [8], the authors presented a control scheme for the induction motors drives based on
fuzzy logic. The proposed control scheme has been applied to improve the overall performance of an
induction motor drive system. This controller does not require a system model and it is insensitive
to external load torque disturbances and information error. On the other hand, the presented control
scheme suffers from drawbacks such as large oscillations in transient operation. Moreover, the control
system requires an optical encoder to measure the motor speed [8].

A linear quadratic Gaussian controller was applied in References [9] and [10] to regulate motor
speed and improve the motor’s dynamic performance. The merits of this controller are as follows: fast
response, robustness and the ability to operate with available noise data. However, this controller’s
drawbacks are that it needs an accurate system model, does not guarantee a stability margin and
requires more computation.

Recently, H_infinity (He) control theory has been widely implemented for its robustness against
model uncertainty perturbations, external disturbances and noise. Some applications of this technique
in different systems, such as permanent magnet DC motors [11], switching converters [12] and
synchronous motors [13], have been reported. Moreover, researchers have worked to apply the Heo
controllers in the induction machines drives. In Reference [14], a control scheme based on the Hy, is
presented for control the speed of the induction motors. However, the control system is validated
only through the simulation results. Additionally, the speed sensor which used to measure the
rotor speed is reduced the control system reliability and also its cost. In Reference [15], a vector
control scheme for the induction machines based on He has been designed and experimentally
validated. However, the authors used a sensor to measure the rotor speed. Additionally, a comparison
between the performances of the sensor vector-control scheme of induction motor based on the PI
controller and is presented. The results show the priority of the H, control scheme rather than the
PI controller. The main drawbacks of the control system of Ref. [15] were that speed sensor data
simulation verification results were not included. Another control scheme based on the He, has been
presented in Reference [16]. The introduced control scheme in Ref. [16] has many drawbacks such
as the need for a speed encoder, and the control law which is based on the linear parameter varying
(LPV) should be updated online which increases the cost of implementation. However, validation of
the control scheme has been carried out based on only a simulation using the MATLAB/Simulink
(2014a, MathWorks, Natick, MA, USA) package. The authors of this paper recommended future work
to eliminate the speed sensor and to minimization the implementation time. An interesting research
work about the application of induction machines drives has been presented in Reference [17]. The
control scheme is applied for Electric Trains application. The control system suffers from reliability
reduction because of presence of the speed sensor and also the increasing of the implementation time
because of the time which is needed to reach the solution of the Riccati equation. From the previous
discussion, further research work is required to enhance the dynamic performance of the induction
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motor drives with the application of the He, control theory. Moreover, the application of sensorless
algorithms with the He, based induction machine drives is an essential research point. Furthermore,
the experimental implementation of the induction machines drives based on He, is required for greater
validation of the control scheme. Additionally, the major aspect of an He, control is to synthesize a
feedback law that forces the closed-loop system to satisfy a prescribed He norm constraint. This aspect
achieves the desired stability and tracking requirements.

In this paper, a robust speed controller design for high-performance sensor-free induction motor
drives based on the He theory is proposed. The proposed speed controller is used to achieve both
robust stability and good dynamic performance even under system parameter variations. It can
withstand disturbances well and ignores system noise. Moreover, it is simple to implement and has a
low computational cost. Additionally, this paper formulates the design problem of an Hc, controller
in a standard form with an emphasis on the selection of the weighting functions that reflect the
robustness and performance goals of motor drives. The motor speed is estimated based on a presented
model-reference adaptive system (MRAS). The estimated motor speed is used as a control signal
in a sensor-free field-oriented control mechanism for induction motor drives. To demonstrate the
effectiveness of the proposed controller, the motor speed response following a step-change in speed
command and load torque disturbance is compared with that when using a classical controller. The
presented experimental and simulation results demonstrate that the proposed control system achieves
reasonable estimated motor speed accuracy and good dynamic performance.

2. Mathematical Model of an Induction Motor

The induction motor can be modeled in the following mathematical differential equations
represented in the rotating reference frame [8,9]:

[ Vgds i [ igs 1
[ Rs + PLS —wsLs PLm —wsLy
v i
1 wsLg Rs +pLs wsLy PL 1
= (1)
PLn —swsLy  RypL, —swsL, .
0 lar
swgLy pLu swsLy R, + pL, |
. 0 | L igr |

where, p is the differential operator, d/dt, L"), is the equivalent magnetizing inductance and s
represents the difference between the synchronous speed and the rotor speed and it refers to slip. The
self-inductances of the motor can be represented as the following:

L = L, + Ly
LY = L% + Ly, '

where Lj; and L;, are the stator and rotor leakage reactances, respectively.
The torque equation, in this case, is expressed as

3 L%, . .
T, = EPLT(ZqSIPdr - ldslpqr) ()
.

The previous Equation (2) is to calculate the electromagnetic torque of the motor as a function
of the stator currents components, rotor flux components, pole pairs P and rotor and magnetizing
inductances. Moreover, the rotor flux linkage can be written as the following equations [10]:
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Yar = L"ig, + L migs
Ygr = L%igr 4 L pigs.
The equation of motion is
]m% + fawr +T) =T 3)

where J;; is the moment of inertia, w, is the angular speed the rotor shaft, f; is to express the damping
coefficient, T, indicates the electromagnetic torque of the induction motor and T; indicates the load
torque.

For achieving the finest decoupling between the ds- and gs-axis currents components, the two
components of the rotor flux can be written as the following:

lpqr = 0and ¢y, = ¢r 4)

Based on operational requirements, when the rotor flux is set to a constant, the equation of the
electromagnetic torque Equation (2) will be as follows:

where

3P LM,

Ky = ==y,
T 2 Lnrlpr

Equation (3) can be rewritten in the s-domain as follows:

Wy = Gp(5>(TE(S) —Ty(s)) (6)
where . R ]
p(s) = s+ falIm @)

A block diagram representing an indirect vector-controlled induction motor drive is shown in
Figure 1. The diagram consists mainly of three sub-models; a model for an induction motor under load
when considering the core-loss, a hysteresis current-controlled pulse-width-modulated (PWM) inverter,
and vector-control technique followed by a coordinate transformation and an outer speed-control loop.

In the vector-control scheme of Figure 1, the currents i* 4, and i* s are, respectively, the magnetizing
and torque current components commands.

Where I*s = /245 + "2, 0% = tan™1(i* 45 /i*45), and w*s = w*y + wr (the * refers to the
command value). The stator current commands of phase “a”, which is the reference current command
for the CRPWM inverter, is presented in References [3-6].

i*gs = I*s cos(w™ st + 0%4) (8)

The commands for the other two stator phases are defined below. Referring to Figure 1, the slip
speed command is calculated by
11"
* = B
Wi = T, i* 45

)
The torque current component command, i*y, is obtained from the error of the speed,
which applied to a speed controller provided that i*;; remains constant according to the
operational requirements.
According to the above-mentioned analysis, the dynamic performance of the entire drive system,

described in Figure 1, can be represented by the control system block diagram in Figure 2. This
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block diagram calls for accurate Kt parameters and the transfer function blocks of G,(s). In this

paper, the speed controller K(s) is designed using He, theory to eliminate the problems inherent to
classical controllers.
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Figure 1. Block diagram of an indirect field-oriented (IFO)-controlled induction motor drive.
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Figure 2. Block diagram of the speed-control system of an IFO-controlled induction motor drive.
3. Design of the Proposed Controller Based on H,, Theory

The proposed controller is designed to achieve the following objectives:

(1) Minimum effect of the measurement noise at high frequency

(2) Maximum bounds on closed-loop signals to prevent saturation

(3) Minimum effect of load disturbance rejection, reducing the maximum speed dip

(4) Asymptotic and good tracking for sudden changes in command signals, in addition to a rapid
and excellent damping response

(5) Survivability against system parameter variations.

The Ho, theory offers a reliable procedure for synthesizing a controller that optimally verifies
singular value loop-shaping specifications [11-17]. The standard setup of the He control problem
consists of finding a static or dynamic feedback controller such that the He norm (a standard
quantitative measure for the size of the system uncertainty) of the closed-loop transfer function
below a given positive number under the constraint that the closed-loop system is internally stable.

Heo synthesis is performed in two stages:

i Formulation: the first stage is to select the optimal weighting functions. The proper selections
of the weighting functions give the ability to improve the robustness of the system at different
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operation condition and varying the model parameters. Moreover, this to reject the disturbance
and noises besides the parameter uncertainties.

ii. Solution: The transfer function of the weights has been updated to reach the optimal
configuration. In this paper, the MATLAB optimization toolbox in the Simulink is used
to determine the best weighting functions.

Figure 3 illustrates the block diagram of the Ho, design problem, where G(s) is the transfer
function of the supplemented plant (nominal plant Gp(s)) plus the weighting functions that represent
the design features and objectives. u; is the control signal and w is the exogenous input vector,
which generally comprises the command signals, perturbation, disturbance, noise and measurement
interference; and y; is the controller inputs such as commands, measured output to be controlled, and
measured disturbance; its components are typically tracking errors and filtered actuator signal; and z
is the exogenous outputs; “error” signals to be minimized.

Weighted Weighted
exogenous inputs exogenous outputs
w
—_— <
control signals Gr(s) N
> o
u
Sensed/Measured
K(s) outputs

Figure 3. General setup of the He, design problem.

The objective of this problem is to design a controller K(s) for the augmented plant G(s) to have
desirable characteristics for the input/output transfer based on the information of y1 (inputs to the
controller k(s)) to generate the control signal u1. Therefore, the design and selection of the K(s) should
counteract the influence of w and z. As a conclusion, the H,, design problem can be subedited as
detecting an equiponderating feedback control law u1 (s) = K(s) y1(s) to neutralizes the effect of w and
z and so to minimize the closed loop norm from w to z.

In the proposed control system that includes the He, controller, one feedback loop is designed
to adjust the speed of the motor, as given in Figure 4. The nominal system Gp(s) is augmented with
the weighting transfer functions Wy (s), Wx(s) and W3(s), which penalize the error signals, control
signals, and output signals, respectively. The selection of the appropriate weighting functions is the
quintessence of the He control. The wrong weighting function may cause the system to suffer from
poor dynamic performance and instability characteristics.

Z, Z,
W.(s) —» W,(s) p—»
@ * + H - infinity Plant @, Z3
- - Controller Gan - W3 (s) F—»
F(S) (S)

T

Disturbance

Figure 4. Simplified block diagram of the augmented plant, including the He, controller.
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Consider the augmented system shown in Figure 3. The following set of weighting transfer
functions are selected to represent the required robustness and operation objectives:

A good choice for Wi(s) is helpful for achieving good input reference tracking and good
disturbance rejection. The matrix of the weighted error transfer function Z1, which is needed for
regulation, can be driven as follows:

/1= W1(s) {w,ef — a)rJ.

A proper selection for the second weight W, (s) will assist in excluding actuator saturation and
provide robustness to plant supplemented disturbances. The matrix of the weighted control function
Z5 can be expressed as:

Zy = Wa(s)-u(s),

where u(s) is the transfer function matrix of the control signal output of the He, controller.

Additionally, a proper selection for the third weight W3(s) will restrict the bandwidth of the
closed loop and achieve robustness to plant output multiplicative perturbations and sensor noise
attenuation at high frequencies. The weighted output variable can be provided as:

Z3 = wy W3(s).

In summary, the transfer functions of interest that determine the behavior of the voltage and
power closed-loop systems are:

(a) Sensitivity function: S = [I + G(s)-K(s)] 1,

where G(s) and F(s) are the transfer functions of the nominal plant and the He controller,
respectively, while I is the identity matrix. Therefore, when S is minimized at low frequencies, it
will secure perfect tracking and disturbance rejection.

(b) Control function: C = K(s) [I + G(s)-K(s)] .

Minimizing C will preclude saturation of the actuator and acquire robustness to plant
additional disturbances.

(c) Complementary function: T=1—S.

Minimizing T at high frequencies will ensure robustness to plant output multiplicative
perturbations and achieve noise attenuation.

4. Robust Speed Estimation Based on MRAS Techniques for an IFO Control

The using of speed encoder in induction machines drives spoils the ruggedness and simplicity of
the induction motor. Moreover, the speed sensor increases the cost of the induction motor drives. To
eliminate the speed sensor, the calculation of the speed may be based on the coupled circuit equations
of the motor [18-34]. The following explanation and analysis of the stability of the Model Reference
Adaptive System (MRAS) speed estimator. In this work, the stability estimator is proven based on
Popov’s criterion. The measured stator voltages and currents have been used in a stationary reference
frame to describe the stator and rotor models of the induction motor. The voltage model (stator model)
and the current model (rotor equation) can be written as the following in the stationary reference frame
x — B [18-29]:

The voltage model (stator equation):

lptxr _ ﬁ Vs
P lpﬂr L Vﬂs

(Rs + oLsp) 0 ins
S el || 5]
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The current model (rotor equation):

p[@%ﬂ’ ] _ [ (=1/Ty) —Wr ‘|[ Yar ‘|+bn[%as ] 11)
Ppr Wy (=1/T;) Ppr T, 1gs

Figure 5 illustrates an alternative way of observing the rotor speed using MRAS. Two independent
rotor flux observers are constructed to estimate the components of the rotor flux vector: one based
on Equation (10) and the other based on Equation (11). Because Equation (10) does not involve
the quantity w;, this observer may be regarded as a reference model of the induction motor, while
Equation (11), which does involve w;, may be regarded as an adjustable model. The states of the two

models are compared and the error between them is applied to a suitable adaptation mechanism that
produces the observed @, for the adjustable model until the estimated motor speed tracks well against

the actual speed.
ru’.ﬁ‘ . VHS
Actual
i 3 Induction Motor - V s
o —
~ - Vo +
Stator Equations (10)
(Reference Model)
- Rotor Equations (11)
(Adjustable Model)
M
0y

Adaptation Mechanism

Figure 5. Structure of the MRAS system for motor speed estimation.

When eliciting an adaptation mechanism, it is adequate to initially act as a constant parameter of
the reference model. By subtracting Equation (11) for the adjustable model from the corresponding
equations belonged to the reference model Equation (10) for the rotor equations, the following
equations for the state error can be obtained:

Ear _ (—1/Tr) — Wy Ear _li]ﬁr .
b [ €pr 1 a [ wr  (=1/Ty) ] [ e | | 1 (wr — @r) (12)
that is,
ple) = (A7) [¢] - [W] 13

Because @; is a function of the state error, Equations (12) and (13) represent a non-linear feedback
system, as shown in Figure 6.
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Linear block

Figure 6. Representation of MRAS as a non-linear feedback system.

According to Landau, hyperstability is confirmed as long as the linear time-invariant forward-path
transfer matrix is precisely positive real and that the non-linear feedback (which includes the adaptation
mechanism) comply with Popov’s hyperstability criterion. Popov’s criterion demands a bounded
negative limit on the input/output inner product of the non-linear feedback system. Assuring this
criterion leads to the following candidate adaptation mechanism [31-34]:

Let
t

@ = ga(le) + [ a((e)ar (14

0

then, Popov’s criterion presupposes that

t
/ [e]T[W]dt > —v? forallt; >0 (15)
0

where 7,2 is a positive constant. Substituting for [¢] and [W] in this inequality using the definition of
@y, Popov’s criterion for the system under study will be

t1 t
/ { [ear ¥pr — 2pr Y] [w, = a((e)) - [ a(le) dr] } at >~y (16)

0 0
A proper solution to this inequality can be realized via the following well-known formula:

5]

[ K £ ft)de= —3kFOP, k-0 a7)

0
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Using this expression, Popov’s inequality is satisfied by the following functions:
¢1=Kp (Sﬁrlﬁar - Earlpﬁr) = KP(lPﬁrl,i’ar - warlﬁﬂr)-

¢ = K; (Sﬁr¢ar - Szxrllt’ﬁr) =K; (qjﬁrlﬁtxr - Qbarlﬁ/jr)-

Figure 7 illustrates the block diagram of the MRAS. The outputs of the two models the rotor flux
components. Moreover, the measured stator voltages and currents are in the stationary reference frame
have been applied to be as the inputs of MRAS.

i(l
_S> R, +0Lgp |5 1_ Var
Vots + P
lﬂ s + 1
——| R, +0L;p ?

= K
p

N

a)}"

A

\ﬂlw

Figure 7. Block diagram of the Model Reference Adaptive System (MRAS) speed estimation system.

5. Proposed Sensor-Free Induction Motor Drive for High-Performance Applications

Figure 8 shows a block diagram of the proposed controller sensor-free induction motor drive
system. The control system is composed of a robust controller based on He, theory, hysteresis
controllers, a vector rotator, a digital pulse with modulation (PWM) scheme for a transistor bridge
voltage source inverter (VSI) and a motor speed estimator based on MRAS. The speed controller makes
speed corrections by assessing the error between the command and estimated motor speed. The speed
controller is used to generate the command g-component of the stator current i* 5. The vector rotator
and phase transform in Figure 8 are used to transform the stator current components command to
the three-phase stator current commands (i*,s, i*s and i*¢s) using the field angle position 0,. The field
angle is obtained by integrating the summation of the estimated speed and slip speed. The hysteresis
current control compares the stator current commands to the actual currents of the machine and
switches the inverter transistors in such a way as to obtain the desired command currents. Moreover,
the MRAS rotor speed estimator can observe the rotor speed @, based its inputs of measured stator
voltages and currents. This estimated speed is fed back to the speed controller. Additionally, the
estimated speed is added to the slip speed, and the sum is integrated to obtain the field angle 6;.
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Figure 8. The block diagram of the proposed sensorless induction motor drive based on He, theory.

6. Simulation and Experimental Results

6.1. Simulation Results

The complete block diagram of the field-oriented induction motor drive with the proposed He, and
MRAS speed estimator has been presented in Figure 8. The proposed system has been simulated using
MATLAB/Simulink under different operating conditions. The parameters and data specifications of
the entire system used in the simulation are given in Table 1. The following set of weighting functions
are obtained based on the application of the optimization toolbox in MATLAB/Simulink to achieve
the proposed robustness and operation objectives:

s+1le—4 s+1le—4
1=7 s+ 0.001" 2=72 s110 3 =173,

where 1 = 12, 7, = 0.00001, y3 = 0.

Table 1. Parameters and data specifications of the induction motor.

Rated Power (W) 180 Rated Voltage (V) 220
Rated current (A) 1.3-14 Rated frequency (Hz) 60
Rs (O) 11.29 R, (Q) 6.11
Ls (H) 0.021 Ly (H) 0.021
Lm (H) 0.29 Rated rotor flux, (wb) 0.3
J (kg.m?) 0.00940 Rated speed (rpm) 1750

The transient behavior of the proposed sensorless control system is evaluated by applying and
removing the motor-rated torque (1 N.m), as shown in Figure 9. Figure 9a shows the performance
of the proposed control scheme with He controller. While Figure 9b illustrates the performance of
sensorless induction motor (IM) drive based on the conventional PI controller for the comparison
purpose. Figure 9 shows that the motor speed can be effectively estimated and accurately tracks
the actual speed when using the proposed sensorless scheme. Moreover, the figure shows that the
performance of the two controllers of the PI controller and the proposed He, controller have acceptable
dynamic performance. Furthermore, the figure also indicates that a fast and precise transient response
to motor torque is achieved with the He, controller. Additionally, the stator phase current matches the
value of the application and removal of the motor-rated torque.
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Figure 9. Simulation results of speed transient with load step changes of rated values using the
proposed sensorless drive system; (a) with Heo controller and (b) with PI controller.
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For more validating of the He, controller, Figure 10 describes the dynamic response of the control
scheme based on the proposed He, controller versus the PI controller when the system is subjected to a
step change in the load torque. From the figure, the results show an acceptable dynamic performance
of the control scheme with the PI controllers and the Hw against the step change in the load torque.
However, the application of the He, controller causes improvements in the dynamic response of the
rotor speed. Clearly, the PI controller requires a long rise time compared to the H, controller and
the speed response has a larger overshoot with respect to the Ho, controller. The reasons for these
results of the priority of the He, based induction motor drive may be because the He, controller has
been designed taking the weighting function for the disturbance. The discussion of these results can
be more discussed as follows: The fixed parameter controllers such as PI controllers are developed
at nominal operating points. However, it may not be suitable under various operating conditions.
However, the real problem in the robust nonlinear feedback control system is to synthesize a control
law which maintains system response and error signals to within prespecified tolerances despite the
effects of uncertainty on the system. Uncertainty may take many forms but among the most significant
are noise, disturbance signals, and modeling errors. Another source of uncertainty is unmodeled
nonlinear distortion. Consequently, researchers have adopted a standard quantitative measure the size
of the uncertainty, called the He.. Therefore, the dynamic performance of the control scheme with the
Hoo controller is improved rather than the acceptable performance with the PI controller.

200 T r
— PI Controller.

— Hinf. Controllerf----+--------- Ao

195

~ 190} f - O S S

N
[0}
o
|
:
——)

speeds(rad/sec

7op--- 0]

165

t(sec)

Figure 10. Response of the He controller versus the PI controller.

Figure 11 shows the actual and estimated speed transient, motor torque and stator phase current
during acceleration and deceleration at different speeds. The estimated speed agreed satisfactorily
with the actual speed. Additionally, a small deviation occurs from the actual speed before reaching
steady-state and subsequently tracking quickly towards the command value. The motor torque
response exhibits good dynamic performance. Figure 11 also shows the stator phase current during
acceleration. From these simulation results, the proposed sensorless drive system is capable of
operating at high speed, as illustrated in Figure 11.

In the last case of the study, the transient performance of the sensorless induction machine drive
is examined by reversing the rotor speed. Figure 12 shows that induction motor drive based on
the proposed robust controller has high dynamic performance at the reversing the rotor speed from
150 rad/s. Moreover, the speed estimator MRAS can accurately observe the rotor speed.
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6.2. Practical Results

Figure 13 shows the experimental setup for the configured drive system. The drive system
includes an induction motor; with the same parameters and data specification of the induction
motor which used for simulating the proposed control scheme; linked with a digital control board
(TMDSHVMTRPFCKIT from Texas Instruments with a TMS320F28035 control card) [32,35]. The
complete control scheme has been programmed in the package of Code Composer Studio CCS from
Texas Instruments.

Figure 13. A photo of the experimental setup for induction motor drive.

To validate the effectiveness of the sensorless vector control of the induction motor drive, the
experiments were accomplished at different values of the reference speed. Figures 14-16 show samples
of the results when the proposed system is tested at reference speeds of 0.2 pu and 0.4 pu; the base
speed is assumed to be 3600 rpm (So, when the reference speed is 0.5 pu, it is mean the speed equals
1800 rpm). The results proved that the drive system effectively works at an extensive range of speeds.
In addition, the actual and estimated speeds have coincided. Moreover, from Figure 16, it is obviously
seen that the current of the motor is sinusoidal.

Another case of study has been tested for more evaluating of the control scheme. In this case of
study, the reference speed has been reversed from 0.4 pu to 0.2 pu in the reverse direction in a ramp
variation. The results of this case of study are shown in Figures 17 and 18. Figure 17 shows the speed
response of the control scheme. Moreover, the phase current is shown in Figure 18. The results show
the control scheme has a good dynamic performance.

The last case of study has assumed many ramp changes in the references including reversing the
speed. The rotor speed response is shown in Figure 19. The results have been plotted with the aid of
CCS package and Digital Signal Processing (DSP). The results show the control scheme has a good
dynamic performance.
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experimental data and measurements have been collected with the aid of the DSP and plotted using
Matlab plot tool).
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7. Conclusions

In this paper, Hy theory has been proposed for designing an optimal robust speed controller for
a field-oriented induction motor drive. The design problem of the He, controller was explained and
derived in standard form with an assertion on the choice of weighting functions, which fulfills the
optimal robustness and performance of the drive system. The proposed control strategy has many
advantages: it is robust to plant uncertainties, and has a simple implementation and a fast response.
Moreover, a robust motor speed estimator based on the MRAS is presented that estimates motor
speed accurately for a sensorless IFO control system. The validation of the induction motor drive was
performed using both simulated and experimental implementations. The main conclusions that can be
drawn from the results in this study are as follows:

(1) The effectiveness of the considered induction motor drive system with the proposed controller
has been demonstrated.

(2) Compared with a PI classical controller, the response of the proposed controller shows a
reduced settling time in the case of a sudden change of the speed command in addition to smaller
values of the maximum speed dip and overshoot as a result of the application and removal of stepped
changes in load torque.

(3) The proposed controller achieved robust performance under stepped speed change commands
or changes in load torque even when the parameters of the controlled system were varied.

(4) The forward-reverse operation of the drive is obtained by the robust MRAS speed estimator
and guarantees the stability of the proposed sensorless control to the system at a speed of zero.
Moreover, the presented speed estimator provides an accurate speed estimation regardless of the
load conditions.

(5) Both simulated and real-world experimental results demonstrate that the proposed control
drive system is capable of working at a wide range of motor speeds and that it exhibits good
performance in both dynamic and steady-state conditions.

Further research work should consider the nonlinearity of the induction machine parameters
tacking saturation and/or iron losses into consideration. Additionally, recent optimization techniques
may be applied to determine the optimal weight functions for designing the controller. Moreover, the
operation range should be expanded to study and analyse the operation of the control scheme in the
field weakening region. Moreover, the estimation of the machine parameters may be an interesting
research point for future work for improving the overall performance of the control scheme and
speed estimator.
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