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Abstract

Indirect Field Oriented Control (IFOC) is one of the vector control
methods that can be applied to induction motor in the industrial world
rather than Direct Field Oriented Control (DFOC) because of the flux is
obtained from the formulation. However, IFOC can not guarantee the
robustness and stability of the systems. Stability analysis such as
Lyapunov Stability Theory can be used to make the system stable but
not the robustness. Model based controller that can guarantee the
stability and robustness such as sliding mode control (SMC) and fuzzy
needs to be added in IFOC system to achieve proportional response
system. Robust current regulator using sliding mode control was
designed in this paper from state space model for model based
controller. In transient response and under disturbance SMC shows
better performance than PID in rising time and robustness at rotor
speed and stator current.

Keyword : IFOC, Induction Motor, State Space Equation, Model
Based Controller, SMC.

NOMENCLATURE
Voltage V) 220 Volt
Frequency () 50 Hz
Rotor Type Squirel Cage
Rotor Resistance (R;) 6.085 Q
Stator Resistance (Rs) 6.03 Q
Rotor Inductance (L) 0.4893 H
Stator Inductance (L) 0.4893 H
Mutual Inductance (L) 0.4503 H
Number of Pole Pairs (P) 2
Moment of Inertia () 0.00488 Kg

1. INTRODUCTION

Induction motors are widely used in the industrial world for their firm
and low price [1]. Vector control method in induction motors can provide high
dynamic performance. IFOC which is one part of the vector control method can
be applied and accepted by the electric drive market in an industrial world [2],
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[3], [4]- However, I[FOC cannot guarantee robustness and stability aspect of the
systems. Robustness and stability aspects must be added to achieve high-
performance of the system. The analytical stability such as Lyapunov Stability
Theory can guarantee the stability of the system but not the robustness.

Model based controller such as fuzzy [5], [6] and sliding mode control
(SMC) [7], [8] can be designed to guarantee robustness, stability and optimal
condition of the system. State space equation should be modelled to determine
the architecture of the controller such as fuzzy and SMC. The IFOC state space
equation is obtained from the modeling of the induction motor at DQ rotating
frame by making the flux on the d-axis to be constant and the g-axis to zero [3].

This paper is organized as follows. Section 2 describes about related
research with this issue. The originality of this paper is shown in section 3.
Section 4 describes per unit induction motor model in the rotating frame with
arbitrary speed. The way to get IFOC equation from induction motor model in
DQ reference frame is described in section 5. In section 6, the IFOC equations
that consist of speed, flux, and current regulator equation is modeled to state
space can be used to design the model based controller. in section 7, IFOC -
SMC design is proposed to make response system robust and stable. Result and
discussion about rotor speed and current regulator response in IFOC state
space are described in section 8. Finally, the conclusions of this paper are
shown in section 9.

2. RELATED WORKS

[ F O Cis one of the vector control methods that separate torque and flux
in the induction motor. This technique represents the complex and nonlinear
model of induction motor in a similar manner to DC machines to get high-
performance control [3]. The basic characteristic of flux, speed and stator
current of [FOC need the controller to perform good characteristic, guarantee
robustness and stability .

The model based controller like fuzzy model based and sliding mode
control need a state space model to generate controller design. The state space
model can be used to determine the stability condition using stability theory
such as lyapunov and the constant of robustness to perform proportional
response system [9].

Research about the robust controller for speed regulation using sliding
mode for IFOC system already exists. In this research, the sliding mode
controller is designed in speed regulation to guarantee the robustness in rotor
speed aspect [10]. This paper proposed the design of IFOC state space for
induction motor in a current regulator. The state space can be used to design
the suitable controller that guarantee robustness, stability, and high-
performance in dynamic response. The sliding mode is designed in current
regulator side to guarantee the robustness in speed response.

3. ORIGINALITY
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This paper contribution is designing sliding mode control (model-based
controller) for IFOC which applied for an induction motor. The sliding mode is
designed in current regulator side to achieve the robustness, stability and
reach the optimal condition in proportional time of rotor speed. The chattering
phenomenon in rotor side should be avoided because of its danger to the
hardware and consume more energy. By designing SMC in current regulator,
the chattering phenomenon in rotor speed can be eliminated but not the
robustness and stability.

4. INDUCTION MOTOR MODEL

Per phase of induction motor’s equivalent circuit consist of stator and
rotor side resistance, leakage inductance, induced voltage and mutual

inductance shown in Figure 1.
los lor

Rs

Fig. 1. Per phase equivalent circuit of IM

The induction motor model presented in the rotating frame with
arbitrary reference speed is [3], [11] :

(disy RsLy%+ RyLp 2

dr L et %wm + wilsy + @r %wry + % Usx
d;STy — RerzL‘iierz isy + %q—’ry — Wilsy — Wy %wrx T iv_r Usy
3 % = _Iz_:ll"rx t wgPry — er;,_rrisx
% = _Iz_:lpry T WPy — RTIL_TL.SY
\ d;_)rr = ;Tn; (Wrx isy = Wry fsx) T+ %to
(1
where :
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Us is voltage and i is current of stator vectors; . is flux of rotor vectors (x, y

are real and imaginary axis); w, is rotor angular speed; wg; is slip angular
speed; wy, is angular speed of reference frame; t, is load torque and 7 is relative
time [11].

5. INDIRECT FIELD ORIENTED CONTROL (IFOC)

From induction motor model in equation 1, electrical induction motor
model in dq rotating frame is [3], [12]:

digg 1 . . Lm (Yra
@ - oL —Rgmisqg + ws0Lslgy + . (Tr + wYrg ) + Usqy
disgq 1 . . Lm (Yrq
prale E[—Rsmlsq + wsoLigy + . ( . + wrlprd) + Usq]
S T r (2)
dyrqg _ Ly . 1
dt T_r lsd + wsllprq - T_r l/)rd
AYrq Lm . 1
datr T_r lsq + wsl‘/)rd - T—r l/)rq
Lm? 120 f .
where Ry, = Ry t7 R,; ws = — and wg = wg—Pw, ; T, = L, /R, is
T

2
rotor time constant; o =1 — Lm /(L + L) is total leakage factor.
S T

The mechanical modeling from equation 1 is given by :

dw L . . 1
dtr = ﬁ (Wrag lsqg — lIJrq lsq) + jto (3)

Indirect field oriented control of induction motor’s principle is that dq
rotating frame is connected to the rotor flux vector. So, the flux and torque can
be controlled separately by stator direct-axis current (iz;) and quadrature-
axis current (is,) shown in Figure 2. This form takes the control of an induction
motor looks like separately-excited DC motor in linearity control, decoupling
and high performance [11], [13], [14].

The field oriented control orientation is obtained by [3], [12] :

{l/jazfq :: 1’([))7‘ )

The current regulator equation can be defined by substitution equation
(4) to equations (2) :

digqg _

1 . . Lm (¥
= J_Ls[_RsmlSd + wsoLgisq + L—’: (T—:) + Usd]

di 1 . . L
di‘? = [—Rsmlsq + ws0Lslgq + T, (wsipr) + Usq]

(5)

The transformation to make ABC frame to dq0 reference frame is clarke-
park transform [2], [3], [11]. The equation for stator current is :
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isa] o |cos(ys) cos(ys — 120°) cos(ys + 1207)] [isa
Lsq | = 3|sin(ys)  sin(ys — 120°) sin(ys + 1207) | [LsB
Lso 0.5 0.5 0.5 Lsc

t
Vs = j(Pwr + wsl)dt
0

where w,, ws is rotor and stator angular speed of induction motor [10].
The rotor flux in direct axis based on equation 2 substituted to equation

4is:
ayr _ Ly . 1
dc T, lsd T, lpr (6)
equation 6 can be write :
lIJ _ Lm isd
T 1+4Ts
and the quadrature rotor flux is :
Ly . 1
0= T_T:lsq+wsl¢r_ T_TO (7)
the mechanical equation substituted from equation 3 to equation 4 is :
dwr _ Lm ;i 1
dt - ]Lr (lIJT'I’SQ) + J tO (8)

the electromagnetic torque is [11], [15] :
m L ,
T, = 75 p L_m(q—’rlsq) 9)
T

where mg is the number of phase windings.
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Fig. 2 Indirect field oriented control scheme
6. CURRENT REGULATOR STATE SPACE MODEL OF IFOC

The state space of IFOC shown in Figure 3 uses multiloop model
(decoupled / cascade system) which consists of two loops. The inner loop is
stator current regulator and the outer loop is rotor flux and speed controller.
The state space model of IFOC’s current regulator is :

x = Ax + Bu + Cy, (10)
with :
input vector (u) [Usa, Usq]T
. .17
state vector (x) [lsd' lsq]
where :
—Rsm w
A= oL s
w _Rsm
| F oL
1
/ oLg 0
B == 1
0 / oLg
Lm
LT,
C — rer
mesl
L,
The outer loop equations are rotor flux and speed as in equation 6 and 8
with :
_ I |
input vector [lsd, lsq]
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state vector [w,, P, ]T

Fig. 3 Blok diagram of decoupled indirect field oriented control scheme for model
based controller

7. IFOC - SLIDING MODE CONTROL DESIGN IN CURRENT REGULATOR
The sliding surface is presented by [16] and [17] :

n—1

S(e;t)z(%+ 7\) e

where n is degree of sliding surface; e = x;.5;« — X is error and A is constant.

The strategies to design sliding mode control is as follows :
Usme = Ueq + U, (11)
Lyapunov function used to gurantee the system stability is :

this lyapunov function has derivative :

V=SS
with :

S= Le

S= 2é

From equation 10, 11 and Lyapunov stability function, the current
regulator controller is :

Ueq = B! (Xdesire — AX — Clpr) (12)

with :
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;7 _|oLs 0
B =10 o1,

where B~!is the inverse of matrix B; X 4., is the differential desire state
vector of current regulator state space.

U, = kS + B sign|S] (13)

By substituting equation 12 and equation 13 to equation 11, the sliding mode
control design is :

Usme = B (Xdesire — AX — Cl/)r) + kS+ P Sign[S]
The stator current regulator in D-axis is :
Usme (Usq) = oL (ldeesire + Elsd — Wslsqg — T lpr)
S
+ k [S] + B sign [S]
The stator current regulator in Q-axis is :

. Rsm , , mesl
Usmc (Usq) = O-Ls (lsqdesire + O__lesq — Wglgg — l/)r)

+ k [S] + B sign|S]

8. RESULT AND DISCUSSION

The proposed model based controller in current regulator side of IFOC
for robustness and stability controller using SMC is compared with PI
controller in variable rotor speed and stator current in DQ rotating frame that
shown in Figure 3. By making the same controller and its parameter in speed
and flux controller the performance of a model based controller can be
compared with PI controller in a current regulator. The parameter controller
of current regulator is shown in Table 1. In transient response of 900 rpm of
rotor speed shown in Figure 4, the PI controller has 62.17 ms of rising time,
1.97 ms of undershoot and 0.5 % overshoot. The SMC has 6.76 ms rise time
and 0.5 % overshoot. In achieving a reference speed SMC, gives a better
response than PI controller with rising time less than 8 ms shown in Table 2
and 3. The performance of SMC and PI controller in overshoot and undershoot
side are nearly same.

Table 1. Controller parameter of current regulator

C Controller Parameter
urrent PI SMC
Regulator -

Kp Ki A k B
isd 10 0.2 25 10 15
isq 10 0.2 25 10 15
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The robustness and stability of model-based controller using SMC to
overcome the disturbance is shown in Figure 4 with 1.5 Nm of torque load (t,).
In SMC, the speed response in overcoming the disturbance is decreasing but
less than 2 % of steady state error in reference speed 900 rpm. The robust
model-based controller in multiloop IFOC system designed in current
regulator using First Order Sliding Mode Control (FOSMC) that contains
chattering phenomenon in Figure 5. The comparison between model-based
and PI controller proven that model-based controller such as SMC is better in
overcoming the disturbance like in Figure 6.

In Figure 7, the rotor speed response of IFOC method which uses PI
controller and SMC is compared in variable reference speed and torque load.
Controller parameter which uses these results are shown in Table 4. The
results show that SMC controller can compensate the disturbance but not the
PI controller. When the rotor speed is under 1.5 Nm disturbance at 0.5
seconds, SMC controller can compensate the disturbance (robust) but not for
PI controller. When the reference speed is changed in to be 1.150 rpm and is
under disturbance, the SMC controller shows the robustness but PI controller
is not. The PI controller reaches the reference speed again when the torque
load decrease to 1.5 seconds. This condition repeats in 2 and 2.5 ; 3 and 3.5
seconds.

Table 2. First comparison of PI controller and SMC in transient response

Reference Speed (rpm) 700 800 900
Transient Parameter PI SMC PI SMC PI SMC
Rise Time (ms) 52.04 | 455 | 5730 | 490 | 62.17 | 6.76
Overshoot (%) 3.65 | 2.58 0.5 1.53 0.5 0.5
Undershoot (ms) 197 | 851 1.99 1.94 1.97 1.89

Table 3. Second comparison of PI controller and SMC in transient response

Reference Speed (rpm) 1000 1100 1200
Transient Parameter PI SMC PI SMC PI SMC
Rise Time (ms) 83.87 | 648 | 9098 | 7.69 |112.63 | 6.54
Overshoot (%) 0.5 0.5 0.5 0.5 0.5 0.5
Undershoot (ms) 1.96 2.08 1.99 1.98 1.97 2.26
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Fig. 4 I[FOC’s rotor speed response using PI controller and SMC under disturbance
at 1 second and reference rotor speed at 900 rpm
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Fig. 5 Chattering effect in First Order Sliding Mode Control (FOSMC)
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Fig. 6 The comparison between PI controller and SMC in disturbance area for rotor
speed and stator current in DQ rotating frame at reference speed 900 rpm
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Table 4. Controller parameter of current regulator for variable speed and torque

load
Controller Parameter
Current
Regulator PI SMc
Kp Ki A k B

isd 14 0.1 30 10 25

isq 14 0.1 30 10 25
= 10
= cammERREEEE
E
E L Pl Controller
] - SMC
o =00 I  Reference Speed
2 - 100 Torque Load
e EEEEEEEEN I EEEEEEEE

- s w

TEEEEEENEE

0 0.5 1 1.5

2

25
Time (seconds)

15

4

4.5

Fig. 7 The comparison between Pl and SMC controller in variable reference speed

and torque load

The comparison between sliding mode design in current regulator and
speed controller in rotor speed side is shown in Figure 8. It shows that the
robustness and stability under 0.5 Nm of torque load is achived in rotor speed
by designing the controller in current regulator or speed control. However,
sliding mode control which design in speed controller has chattering
phenomenon that is danger to the hardware. On another hand, sliding mode
controller designed in current regulator has no chattering phenomenon which
is shown in Figure 9. The comparison of stator current in DQ rotating frame

shows the sliding mode in current regulator (is4=2.79 A and [5x4 = 2.77 A) is

lower than speed control (i34=2.96 A and isq =3.00 A) which shown in Figure

10 and Table 5.
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I Stator Current in D Axis
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Fig. 10 Stator Current Response in DQ rotating frame (a) SMC in speed controller
(b) SMC in current regulator

Table 5. Comparison table of SMC in speed controller and current regulator

Stator Current (A)
In D Axis In Q Axis
SMC in Speed 596 3.00
Controller
SMC in Current 279 277
Regulator

9. CONCLUSSION

In this paper, state space equation of current regulator in Indirect Field
Oriented Control (IFOC) has been proposed to design a model based controller
using Sliding Mode Control (SMC). To guarantee the stability, SMC is designed
by using Lyapunov stability theory. SMC has better performance in the
transient response of rotor speed than PI controller with rising time less than
8 ms in various reference speed. In robustness and stability aspect SMC has
better performance than PI in rotor speed and torque load. It is proven in the
ability of SMC to overcome 1.5 Nm of torque load that shown in Figure 6. Figure
7 shows the robustness of SMC in variable reference speed and torque load
which compare with PI controller. By designing SMC in current regulator, the
chattering phenomenon which is danger to the hardware does not exist in
rotor speed and the stator currents are smaller than SMC in the speed

controller. The stator current in direct axis (i54) decreased by 5.74% and in
quadrature axis (isq) by 7.66%.
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