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Speed Control of a Three-Phase Induction Motor
Based on Robust Optimal Preview Control Theory

Mohamed M. M. Negm, Senior Member, IEEE, Jamil M. Bakhashwain, and M. H. Shwehdi, Senior Member, IEEE

Abstract—A synthesized method for speed control of a three-
phase induction motor (IM) based on optimal preview control sys-
tem theory is implemented in this article. An IM model comprises
three-input variables and three-output variables that coincide
with the synchronous reference frame that is implemented using
the vector method. The input variables of this model are the stator
angular frequency and the two components of the stator space
voltage vector, whereas the output variables are the rotor angular
speed and the two components of the stator space flux linkage.
The objective of the synthesized control system is to achieve motor
speed control, field orientation control, and constant flux control.
A novel error system is derived and introduced into the control law
to increase the robustness of the system. The preview feed-forward
controller, which includes the desired and disturbance signals,
is used to improve the transient response of the system. A space
vector pulse-width modulation (PWM) control technique for volt-
age source-fed IM is prepared for microprocessor-based control.
Spectral analysis of the output voltage is evaluated to predict the
effect of the proposed space vector modulation technique on the
dynamic performance of the IM. The optimal preview controlled
system is implemented, and its applicability and robustness are
demonstrated by computer simulation and experimental results.

Index Terms—Induction motor (IM), optimal preview control,
speed control, vector control.

1. INTRODUCTION

NTIL more recently, induction motors (IMs) have per-

formed the main part of many speed control systems
and found usage in several industrial applications because they
demonstrate trouble-free operation for long periods of time.
The advances in microprocessors and power electronics have
permitted the implementation of modern techniques for induc-
tion machines, such as field-oriented control [1], [S]-[7], slip
frequency control [2], indirect field control [3], and vector con-
trol [1], [3]-[7]. Applications of modern control theory to IMs,
such as optimal control [1], [5], adaptive control [6], variable
structure control [7], neural network [8] and [9], direct torque
control [9] and [10], and others, have more recently been pub-
lished. There are two important points for the speed control of
IMs. The first is the capability of highly accurate speed con-
trol, whereas the second is to maintain a constant speed, even
if subject to disturbances. A field-oriented control technique
is synthesized in this article using the vector method that re-
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Fig. 1. Space vector representation.

quires deriving the state equation of the three-phase IM on the
synchronous frame. The IM is composed of three-input and
three-output variables. The input variables are the stator angular
frequency and the two components of the stator space voltage
vector, whereas the output variables are the rotor angular veloc-
ity and the two components of the stator space flux linkage. The
objective of the controlled system is to achieve rotor speed con-
trol, field orientation control, and constant flux control. Using a
new error system technique rectifies the adverse phenomena that
are caused by parameter uncertainties and unmodeled dynamics.
A supplementary way to improve the transient response of the
controlled system is the preview feed-forward controller. This
controller uses few future values of the desired and disturbance
signals. The desired signal is the required rotor angular veloc-
ity and the required two components of the stator space flux
linkage. The disturbance signal is the mechanical load torque
subjected to the IM. A space vector PWM control technique
for voltage source-fed IM is prepared for microprocessor-based
control. Spectral analysis of the output voltage is evaluated to
predict effect of the proposed space vector modulation (SVM)
technique on the dynamic performance of the IM [11]. This
technique has improved the total harmonic distortion and in-
creased the range of obtainable fundamental voltages, without
requiring large storing memories. Extensive computer simula-
tions are made to demonstrate the robustness and feasibility of
the proposed controlled system.

II. INDUCTION MOTOR MODEL

The state space model of the three-phase IM is derived on the
basis of the vector method [5], where the reference frame is taken
as the synchronously rotating frame. The dynamic equation of
the IM is derived on the basis of Fig. 1, where the reference frame
(a-P) is rotating at angular velocity (w; ), with respect to the
fixed-stator reference frame (d-q), whereas the rotor reference
frame (dr-qr) is rotating at the rotor angular velocity (w, ).

The state space model of the three-phase IM can be derived
on the basis of the vector method in a synchronously rotating
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reference frame as [1]:

Vs
Vs =T1ls + —— I + jwits (1
Uy = T2i7' dt (2)
ws = Lsis + Lmlr (3)
wr = Lmis + Lrir (4’)
3 V. dy,
T = iplm (’(/ngs) = Cidt Wy (5)
where
Vs, Ts stator space voltage and current vectors;
Uy, Uy rotor space voltage and current vectors;
1/)5 stator space flux vector;
Uy rotor space flux vector;
T, 17, mechanical torque and load torque, respec-
tively;
JLF moment of inertia and viscous friction, re-
spectively;

ws = wi —w, slip angular frequency of IM;

w1, Wy stator and rotor angular frequencies, respec-
tively;

71,72 stator and rotor resistances per phase, respec-
tively.

The linearized state space model of the three-phase IM is
derived from (1)—(5), as given by [1]:

dzgf) = Az(t) + Bu(t) + Cd(t). (6)

The output equation is selected as
y(t) = Ex(t) ™

where we have the equation at the bottom of the page. The state
variable z(t), the input variable u(t), the output variable y(t),
and the disturbance signal d(¢) are given by

(1) = [wr (O)sa () sp (t)isa ()iss ()]’

u(t) = [wi(t)vsa (B)vss (1))

y(t) = [wr () thsa (W) (D)]'s d(t) = Ty (¢)

Vs (t) = sa (8) + Jvsp (t); is(t) = isa (t) + jisp(t)
$s () = Psa (t) + 7¢ss (1)

III. CONTROL LAW

The objective of the field orientation control is to keep the
magnitude of the stator flux linkage constant while the position
of rotor angular frequency changes arbitrarily. This orientation
can be achieved by adjusting the stator space voltage vector
and the stator frequency arbitrarily. Therefore, to achieve the
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Fig. 2. Optimal preview control system.

previous objective, the flux component 1,3 must be equal zero,
whereas the flux component 1, is kept constant to attain max-
imum torque with changing the stator voltage components v
and vy, simultaneously.

The discrete-time equations of (6) and (7) are

x(k+1) = Az(k) + Bu(k — 1) + Cd(k) ®)

y(k) = Ex(k) ©)

where k represents the sampling time kT, T is the sampling

period, and the dimensions of matrices A, B, C, and E are

(5x5), (5x3), (5§x1), and (3 x5), respectively. The input

vector u(k) is delayed by one sampling period to compensate
for the execution time of the microprocessor.

The optimal preview control law is synthesized according to
the MIMO system as follows:

(10)

where e(k) = [eur (k)esa (k), €55 (k)]", and the reference signal
is R(k) = [wf (k) (k)¢d,(k)]". The superscript “d” denotes
the desired value, and “t” is the transposition.

Using (9) to get the first difference of (10) and then the
substitution from (8) gives

Ae(k +1) = Ae(k) + F,Ax(k) + FyAu(k — 1)
+ F.Ad(k) + Az(k + 1) (11)
where
F,=F(A-1I;);F,=FB; F.= FC; F=-FE
Az(k+1)=AR(k+1) - ARKk); A=(1—q").

Then, error system (12) is constructed from (8) and (11):

A= ELJ7Z—15,]—15B—ijZ—15] 1,3;

C =dail; 7/—1“’5

X(k+1) =X (k) + 0u(k) + G, Az(k + 1) + Gy Ad(k)
(12)
10000
. E= 01000

00100
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Fig. 3. Optimal preview controller response (speed variation-ramp/abrupt change).
where where the weighting matrices @ (14 x 14), R (3 x 3), and ¢

To implement the optimal preview control law, the following

G,

(3 x 3) are given by

+ DAz (k + 1) Au(k)]'
Is 0 O 0
Is Fo B, ,_ |0
0 A B|”7 |0
0 0 0 Iy
0
Fe
) Gd - C
0

selected performance index .J; is to be minimized subject to the
constraints given by (12):

[ee]

Ja =Y _[X(k+1)'QX(k+1) + Au(k) RAu(k)]

k=0

R =

o

1
0
0

q O g1 0 O
g 0l;¢g=10 ¢ O
0 0 0 0 g3
0 O
7‘20
07“3

Accordingly, the minimization process gives the following op-
timal preview controller:

Au(k) = GX (k) + Gy W (k + 1)

FNGII AW E )] ()
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Fig. 4. Optimal preview controller response (speed variation-ramp/sinusoidal change).
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Fig. 5. Optimal preview controller response (load torque variation).

where

W(k+1) =G, Az(k+ 1)+ GgAd(k)
Feedback gain G = [g1929394] = —0' K ®
Feed—forward gain G = —y0'K

Gy = —70'®' )

Gi:Gi_lKl; I:3,4,...,M.

K, = K'®')\,and K, v, and ) are the steady-state solution of
the following Riccati equation:

K({i)=Q+®'\i+1)®
MNi+1) = K(i+1)[Ia — 0y(i + 1)K (i +1)]
Y(i+1)=[R+60K(@i+1)6 "
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The real-time optimal preview controller can be derived by
induction from (13), such that

u(k) =g1 ) _e() + (92 — gr)e(k) + gsz(k)

i~
o

M
+gau(k — 1)+ > Fu[AR(k + i) — AR(i)]
M .
+ ) Fyld(k+i—1) — d(i — 1)]

i=1

(14)

where
F.;, = GiGr; Fyi = GzGd77f = 1727"‘7M‘

M > 1is the preview feed-forward steps.
The control system structure is implemented from (14), as
indicated in Fig. 2.
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Fig. 6. Optimal preview controller response (rotor resistance variation).
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Fig. 7. Modulated stator voltages at switching frequency = 2 KHz.
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IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed optimal preview controller is used in this paper
to control a 1.1-kW, 1000-r/min, 200-V line voltage, six-pole,
50-Hz, three-phase squirrel cage IM. Its parameters are J =
0.0179 Kg-m?, F = 8E — 4 Nm/rad/s, m = 0.2842 Q,7ry =
0.2878 Q,L,, =26.8 mH, L, =28.3 mH, L, =28.8 mH,
1/1?5 =0, and ¢, = 0.35 weber (Wb).

The MATLAB simulation results shown in Figs. 3 to 7, as
well as the experimental results shown in Fig. 8, are obtained on
the basis of (14) with sampling time 7" = 1 ms. The horizontal
line in these figures represents the time in samples. Effect of
the optimal preview controller is indicated with preview steps
M =0 or 2, and weight factors are ry =r; =r3 =1;q; =
10,¢2 = g3 = 2.

Figs. 3(a)—(c), 4(a), 5(a), and 6(a) indicate the desired rotor
speed N, (r/min) dotted lines and its response N (r/min) in solid
lines with M = 2, and in dashed lines when M = 0. Fig. 3(b)
and 3(c) are enlarged parts of Fig. 3(a). The load torque 77, (Nm)
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is indicated in dotted lines and the corresponding mechanical
torque T (Nm) in solid lines with M = 2, and in dashed lines if
M = 0, as illustrated in Figs. 3(d), 5(b), and 6(b). Figs. 3(a)—(d)
are obtained at M = 0 and 2, with changing the desired rotor
speed (V,) gradually from 800-900 r/min and abruptly from
900-1000 r/min and back to 800 and 700 r/min, while maintain-
ing the load torque (77,) constant at 10.5 Nm. In Fig. 4(a)—(e)
at M = 2, the desired rotor speed is changed gradually from
700-800 r/min and to 900 r/min with different decline, and then
sinusoidally changed around 900 r/min, and gradually back to
800 and 700 r/min, while the load torque constant at 10.5 Nm.
The load torque is abruptly changed from 10.5-5.25 Nm and
back to 10.5 Nm, while the desired speed is kept constant at
1000 r/min, as illustrated in Fig. 5(a)-(d), at M = 0 or 2. Fur-
thermore, in Fig. 6(a)—(d), at M = 0 or 2, the rotor resistance
(r9) is selected to change from 100% to 150% at the sampling
instant 450, while maintaining the desired speed constant at

©

Experimental results. (a) Motor speed response at light load. (b) % output error at light load. (c) Stator current at light load.

1000 r/min and the load torque constant at 10.5 Nm. The control
input u(k) in (14), stator frequency f1, and the two components
of the stator space voltage vector (vsq = Vi) and (vsp = Vip)
are illustrated in Fig. 4(b). The output signal y(k) and its desired
value R(k) in (10), the rotor speed (N, Nr), and the two compo-
nents of stator space flux vector (15, = Psa, 9% = Psar) and
(153 = Psb, wgﬂ = Psbr) are demonstrated in Fig. 4(c), where
the desired values are indicated by dotted lines. Moreover, the
voltage-to-frequency ratio (V's/f1), the percentage efficiency
(%Efficiency), and the overall power factor are indicated in
Fig. 4(d). Furthermore, the instantaneous three-phase stator cur-
rents (i,,1;,1.) are demonstrated in Fig. 4(e). Figs. 4(e), 5(d),
and 6(d) are drawn at M = 2; in addition, the motor slip (Slip) is
depicted in Figs. 5(c) and 6(c) at M = 0 and 2. Finally, the space
vector PWM technique is implemented to control the IM, using
the proposed controller under the case of changing the motor
speed as in Fig. 4(a), the load torque as in Fig. 5(b), and rotor
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resistance as in Fig. 6. The output performance of this technique
is depicted in Fig. 7, which illustrates the modulated stator volt-
ages (v, vp,v.) at switching frequency of Fo = 2 KHz, and
a dc link inverter voltage of V ;. = 300 V [11]. As indicated
from these results, a robust performance for the IM is achieved,
and the transient response is improved using two preview steps
(M = 2) of the proposed optimal preview controller.

To indicate the feasibility of the proposed controller, the
experimental results using the proposed controller with light
mechanical load at 1-KHz switching frequency are shown in
Fig. 8. Fig. 8(a) illustrates the speed response corresponding
to the given desired speed (dotted line), whereas Fig. 8(b) de-
picts the percentage error of the motor speed. The corresponding
stator current of phase a (i, ) is demonstrated in Fig. 8(c).

V. CONCLUSION

A synthesized method for speed control of a three-phase IM
based on the optimal preview control theory is proposed. The
vector method is adopted in the control law to simplify the
controlled system analysis. The preview feed-forward steps are
introduced in the control law to improve the transient response.
The robustness of the controlled system is indicated by chang-
ing the rotor resistance and the load torque. A maximum torque
is obtained over the whole control range by equating the 3 -axis
component of the stator space flux to zero. Coincidental results
between the desired signals and their responses are achieved. A
space vector PWM control technique for voltage source-fed IM
is prepared for microprocessor-based control. Spectral analysis
of the output voltage of the SVM technique indicated improve-
ments of the dynamic performance of IM. The proposed tech-
nique is found to be suitable for optimal preview control of IM.
Extensive simulation results are made for speed control, field
orientation control, and constant flux control. The experimental
results indicate the applicability and robustness of the proposed
optimal preview control system.
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